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FOREWORD 


This  report  describee  development  of  copper-based  materials  for  use  in  cooled  rocket  engine 
thrust  chambers  of  an  advanced  Orbital  Transfer  Vehicle  (OTV).  The  work  was  conducted  by 
Pratt  A  Whitney  (PAW)  Government  Engine  Business  (GEB)  for  the  National  Aeronautics  and 
Space  Administration-Lewis  Research  Center  (NASA-LeRC)  under  contract  NAS3-23868  Task 
C.I,  with  Mr.  John  M.  Kazaroff  as  Task  Order  Manager, 

Included  as  Appendix  C  of  this  report  is  a  material  variation  study  previously  issued  as 
PAW  report  FR-19440-1. 
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SUMMARY 


This  report  coven  work  performed  at  Pratt  &  Whitney  (P&W)  on  development  of  copper* 
bared  material!  for  long-life,  reuseable,  regeneratively  cooled  rocket  engine  thrust  chambers.  The 
work  was  performed  to  support  development  of  a  P&W  expander  cycle  liquid  hydrogen/liquid 
oxygen-fueled  rocket  engine  for  orbital  transfer  vehicle  propulsion.  The  engine  had  a  planned  life 
of  300  cycles,  so  with  safety  factors,  the  thrust  chamber  material  needed  a  life  capability  of  1200 
cycles,  which  is  greater  than  the  life  capabilities  of  either  NASA-Z  or  Amzirc  up  '  similar 
conditions. 

The  program  approached  the  goal  of  enhanced  cyclic  life  through  the  application  of  rapid 
solidification  to  alloy  development.  Rapid  solidification  was  used  to  introduce  fine  dispersions  of 
stable  compounds  that  would  strengthen  and  stabilize  the  alloys  at  elevated  temperatures.  Such 
compounds  included  copper-base  intermetallics,  copper-free  high-temperature  intermetallics, 
borides,  and  filicides.  Rapid  solidification  also  allowed  the  refinement  and  control  of  microstruc¬ 
tures. 

Candidate  alloy  systems  were  screened  in  subscale  by  the  use  of  small  arc-cast  ingots. 
Electron  beam  passes  were  made  on  these  ingots  to  produce  small  subscale  samples  ol'  rapidly 
solidified  material  for  evaluation. 

Copper  alloys  based  on  additions  of  chromium,  cobalt,  hafnium,  silver,  titanium,  and 
zirconium,  in  various  combinations,  showed  the  most  promise  in  the  screening  effort  and  were 
processed  by  rapid  solidification  in  bulk  quantities.  Promising  alloy  compositions  were  atomized 
in  the  P&W  rapid  solidification  rate  (RSR)  device  to  produce  rapidly  solidified  powder.  These 
powders  were  consolidated  to  bar  stock,  which  was  farther  processed  and  evaluated  Those  alloys 
and  conditions  that  exhibited  the  best  phase  stabilities  and  softening  resistances  were  tensile 
tested  at  elevated  temperature.  Those  alloys  with  favorable  tensile  properties  were  further 
characterized  by  additional  tensile  testing,  thermal  conductivity  testing,  and  elevated-tempera¬ 
ture,  low-cycle  fatigue  (LCF)  testing. 

The  characterization  effort  indicated  that,  of  the  alloys  studied  rapid-solidification- 
processed  Cu-l.l96Hf  exhibited  the  greatest  potential  as  an  improved-life  thrust  chamber 
material.  This  alloy  exhibited  LCF  life  about  four  times  that  of  NASA-Z  at  706‘C  (1300*F).  The 
alloy  exhibited  higher  elevated-temperature  tensile  strengths  and  slightly  lower  thermal 
conductivities  than  NASA-Z. 

Other  alloys  exhibited  promise  for  use  in  this  application.  They  were  rapid-solidification- 
processed  Cu-0.8%Zr  and  Cu-0.6%Zr-1.0%Cr.  The  former  alloy  exhibited  higher  thermal 
conductivities  and  LCF  life  than  NASA-Z,  but  slightly  lower  tensile  strengths.  The  latter  alloy 
exhibited  very  high  tensile  strengths  and  thermal  conductivities  comparable  to  those  of  NASA-Z, 
but  low  LCF  life.  It  seemed  apparent  that  further  work  with  these  systems  might  allow  the 
development  of  another  well-balanced  system  superior  to  NASA-Z,  providing  material  options  in 
addition  to  the  copper-hafnium  alloy  noted  above. 
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SECTION  I 
INTRODUCTION 


The  objective  of  the  Thrust  Chamber  Material  Exploratory  Technology  Program  was  to 
develop  a  copper  alloy  that  would  provide  longer  lives  than  NASA-Z  or  Amzirc  in  an  Orbital 
Transfer  Vehicle  engine  (OTVE)  thrust  chamber  application. 

The  Pratt  &  Whitney  (P&W)  OTVE  concept  envisioned  high  expander  cycle  performance 
resulting  from  the  use  of  high  thrust  chamber  wall  temperatures.  The  maximum  hot-wall 
temperature  would  be  about  705aC  (1300*F).  This  would  result  in  maximum  cyclic  strain  range  of 
3  percent.  These  constraints  would  be  coupled  with  a  conductivity  requirement  equivalent  to  that 
of  Amzirc  and  a  life  capability  of  1200  cycles. 

These  requirements  exceeded  the  properties  available  from  either  Amzirc  or  NARloy-Z™ 
(trademark  of  Rocketdyne  —  called  NASA-Z  when  made  by  NASA),  commonly  used  for  thrust 
chambers.  Using  half-hard  +  aged  Amzirc,  which  exhibited  the  best  low-cycle  fatigue  (LCF) 
properties,  it  was  calculated  that  the  proposed  chamber  would  last  780  cycles,  only  63  percent  of 
the  desired  life.  This  analysis  applied  540'C  (1000'F)  data  to  705*C  (1300*F)  use,  so  the  life  may 
be  even  shorter. 

This  program  was  undertaken  to  develop  a  copper-based  alloy  that  could  support  the 
envisioned  thrust  chamber  as  currently  available  alloys  were  not  capable  of  doing  so.  This  report 
describes  the  program  and  its  results. 

1.  BACKGROUND 

The  P&W  OTVE  uses  a  milled-ohannel  copper  alloy  reganeratively  cooled  thrust  chamber. 
This  concept  came  into  use  for  high-pressure  rocket  engines  in  the  late  1960s  (1)  and  is  used  in 
the  Space  Shuttle  Main  Engine  (SSME).  The  chamber  is  spun  from  a  copper  alloy,  then 
machined  to  size  on  the  outside  diameter  (OD)  and  inside  diameter  (ID).  Longitudinal  cooling 
channels  are  cut  on  the  OD,  as  shown  in  Figure  1.  These  channels  are  filled  with  conductive  wax, 
then  the  entire  OD  and  wax  are  plated  with  copper.  The  OD  is  then  covered  with  a  thick 
structural  electroformed  layer  of  nickel,  and  machined  to  size  (Figure  2).  The  wax  is  cleaned  out 
of  the  channels,  then  the  gas  manifolds  are  attached. 


Three  copper  alloys  have  been  used  for  thrust  chambers:  Oxygen-Free  High-Conductivity 
(OFHC)  copper,  Amzirc,  and  NARloy-Z™  (NASA-Z).  Original  test  chambers  were  made  of  OFHC 
copper  (1).  This  alloy  was  adequate  to  prove  the  design  concept,  but  did  not  provide  sufficient  life 
for  reuseable  engines.  Therefore,  the  other  alloys  were  tested,  in  several  comparative  studies.  The 
first  study  was  done  by  Rocketdyne  (2).  They  found  that  NARloy-Z™  (their  alloy)  exhibited 
longer  LCF  and  actual  chamber  lives  than  Amzirc.  They  also  found  that  commercial  Amzirc 
exhibited  more  inclusions  than  NARloy-Z™  and  was  more  difficult  to  process  to  a  fine-grained 
condition. 

The  National  Aeronautics  and  Space  Administration-Lewis  Research  Center  (NASA- 
LeRC)  LCF  tested  a  number  of  copper  alloys  and  found  half-hard  +  aged  Amzirc  to  be  most 
promising,  exhibiting  LCF  lives  longer  than  even  NARloy-Z™  (3-6).  They  tested  several  NARloy- 
Z™  (and  NASA-Z,  the  same  alloy)  chambers,  one  half-hard  +  aged  Amzirc  chamber,  and  several 
half-hard  unaged  Amzirc  chambers  (7,8,9).  The  half-hard  -I-  aged  Amzirc  chamber  exhibited  a 
longer  life  than  the  NARloy-Z™  (NASA-Z)  chambers,  which  themselves  exhibited  longer  lives 
than  the  unaged  Amzirc  chambers.  NASA-Z  and  NARloy-Z’"  have  remained  the  alloys  of  choice 
for  thrust  chambers. 
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Figure  L  XLR  129  Chamber  With  Passages  Machined 


Figure  2,  XLR  129  Chamber  After  Electraforming  and  Machining 

P&W  has  made  one  regenerative  copper  alloy  chamber,  of  Amzirc,  and  tested  it  in  the 
XLR-129  engine  (10).  Tested  16  cycles,  the  chamber  performed  well,  but  failed  at  grosB 
machining  defects. 
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Copper  alloy  thrust  chambers  have  been  found  to  degrade  or  fail  by  four  mechanisms: 
orange  peel  surface  roughening,  blanching,  cracking  at  inclusions,  and  channel  wall  thinning. 


Orange  peel  roughening  was  observed  in  Rocketdyne  and  NASA  chamber  tests  (2,8).  Such 
phenomena  are  commonly  a  result  of  the  deformation  of  large-grain-sise  metals,  as  was  the  case 
in  those  tuts. 

Blanching  Is  a  surface  degradation  condition  which  has  been  described  in  numerous  studies 
of  failed  NARloy-Z"  chambers  (9).  It  usually  occurs  at  hot  spots  on  the  chamber  walls,  and 
usually  precedes  channel  wall  thinning  and  failure.  Descriptions  of  the  phenomena  are  unclear. 
Suitable  explanations  have  not  been  advanced.  Rocketdyne  has  published  reporta  that  explain 
the.  phenomenon  as  a  result  of  oyclio  oxidation/reduction  of  the  chamber  surface  (11,12). 

Cracking  at  inclusions  have  been  observed  in  both  Rocketdyne  and  NASA  tests  (2,7,9). 
These  are  associated  with  either  sirconia  or  copper-zirconium  intermetallic  inclusions.  Little 
yielding  of  the  surrounding  matrix  is  observed  at  these  failures. 

The  most  troublesome,  common,  and  insidious  failure  mechanism  for  copper  alloy  thrust 
chambers  is  channel  wall  thinning  and  rupture.  First  documented  by  NASA  (7,8,9),  this  is 
characterised  by  the  gradual  deformation  of  the  channel  wall  profile  from  the  as-machined 
rectangle,  Figure  8a,  to  a  dog-house  profile,  Figure  8b,  to  a  dog-house  shape  with  a  thinned  wall, 
Figure  8c,  and  finally  to  rupture,  Figure  3d.  Although  initial  examinations  of  failures  give  the 
impression  that  the  wall  has  thinned  and  lost  material,  careftit  measurement  has  revealed  that  no 
material  has  been  lost  (9,12,13).  Instead,  material  has  migrated  from  the  mid-channel  wall  to  the 
web  region.  In  every  case,  this  failure  occurs  at  injector  hot  spots  on  the  chamber  (9). 


Thinning  and  Mure  are  accompanied  by  significant  changes  In  microstructure  (present 
work  and  8).  For  NASA-Z,  thinning  is  accompanied  by  recrystallization,  aa  shown  in  Figure  4. 
Drains  In  the  web  are  unaffected.  Moving  outward  along  the  web,  grains  near  the  web/wall 
juncture  experience  some  recrystallization,  primarily  along  grain  boundaries.  At  mid-span,  the 
miorostructure  is  completely  reorystallixsd  and  reworked,  with  grain  sizes  of  20  run,  and  is 
beginning  to  recrystallixe  again.  Microhardness  has  not  been  found  to  vary  significantly  through 
such  a  region  in  NASA-Z  (8,9).  However,  this  could  be  rationalized  by  the  hardening  effect  of  the 
silver  in  the  alloy. 


Samples  of  thinning  In  Amxirc  were  not  available.  This  is  unfortunate  since,  as  will  later  be 
discussed,  the  silver-free  copper-zirconium  alloys  do  not  appear  to  be  as  susceptible  as  NASA-Z 
to  recrystallization  —  presumably  due  to  the  lower  work-hardening  rate  produced  by  the  absence 
of  dissolved  silver.  Hardness  losses  were  observed  in  the  thinned  areas  of  half  hard  +  aged 
Amxirc  chambers  (9),  however;  indicating  that  recrystalllzation  may  occur  also  with  that  alloy. 

The  structural  failure  mechanism  producing  wall  thinning  and  failure  has  been  the  subject 
of  much  study  and  controversy  (2,7,8,9,12,13).  Several  names  have  been  applied  to  the 
meohanisms:  creep  ratcheting,  cyclio  creep,  low-cycle  fatigue,  thermal  fatigue,  and  cyclic  yielding. 
Several  studies  have  been  presented  to  account  for  the  phenomenon.  The  most  complete  to  date 
has  been  one  by  Rocketdyne  (13)  that  seems  to  predict  the  observed  changes  in  wall  geometry 
through  a  series  of  chamber  firings.  This  study  finds  that  when  an  SSMB  chamber  segment  is 
operated  at  its  design  temperature  of  540'C  to  595*C  (1000'F  to  1100'F),  no  channel  deformation 
should  occur,  which  has  been  found  in  practice  to  be  the  case.  However,  when  injector  hot  spots 
of  up  to  816*C  (1800‘F)  are  studied  (here  they  believe  creep  to  be  a  factor),  the  model  predicts  the 
observed  channel  wall  deformation  and  thinning.  As  the  wall  thins,  the  biaxial  ductility  of  the 
material  is  exhausted  and  the  wall  fails. 


3 


AW 


TPM 


Added  to  thin  model  it  the  belief  by  investigators  at  NASA-LeRC  that  the  softer  local  hot 
spots  absorb  the  circumferential  strains  of  the  remainder  of  the  chamber  (9).  This  process  could 
increase  cyclic  strains  in  the  hot  spot  region  to  a  level  of  about  10  percent,  which  ia  far  above  any 
design  allowances. 

2.  PROGRAM  PLAN 

The  goal  of  this  program  was  to  develop  a  copper  alloy  that  would  allow  the  use  of  the 
envisioned  PAW  OTVE  thrust  chamber  within  the  envisioned  operating  parameters.  This  was 
believed  to  requite  enhancement  of  low  cycle  fatigue/thermal  mechanical  fatigue  (LCF/TMF) 
capability,  strength,  and  probably  creep  resistance.  In  addition,  a  thermal  and  structural  analysis 
was  performed  to  identify  more-detailed  property  requirements,  determine  allowable  property 
tradeoffs,  arid  define  specific  mechanical  testing  parameters. 

The  alloy  development  effort  encompassed  several  complementary  approaches.  Life 
capability  Improvements  wets  attempted  through  the  study  of  stable  strengthening  precipitates 
(solutlonable),  the  introduction  of  stable  strengthening  dispersions  through  rapid  solidification, 
and  the  reduction  of  segregation  and  defects  through  the  use  of  rapidly  solidified  powder 
metallurgy.  Life  capability  improvements  were  also  sought  through  the  use  of  oxide  dispersion 
strengthening  in  work  done  under  a  subcontract  to  Professor  N.  Grant  at  the  Massachusetts 
Institute  of  Technology  (MIT).  Retention  of  high  thermal  conductivity  was  to  be  attained 
through  the  use  of  low-solubility  alloying  additions. 

The  program  was  structured  into  the  following  tasks  and  subtasks. 

Task  1: 

1.1  Literature  Survey  and  MIT  Subcontract 

A  survey  of  the  available  literature  was  performed  to  gather  background 
information  on  previous  copper  thrust  ohamber  work  and  high-conductivity 
copper  alloy  development.  Some  candidate  alloy  systems  were  chosen  based 
on  this  prior  work.  The  results  of  the  literature  survey  were  presented  as 
PAW  FR- 18383-1  (14). 

A  subcontract  was  issued  to  Prof.  N.  Grant  of  MIT  to  study  various  oxide* 
dleperslon-strengthened  copper  alloy  systems  for  possible  use  In  thrust 
chambers. 

1.2  Structural  Analyals 

Thermal  and  structural  analyses  were  performed  on  the  OTVE  thrust 
ohamber  design  to  establish  allowable  tradeoffs  between  material  proper¬ 
ties  and  to  identify  pioperty  requirements.  Results  are  presented  in  Appendix  C. 

1.3  Alloy  Screanir.rf 

Subscale  laboratory  alloy  screening  wu  performed  to  allow  evaluation  of 
candidate  alloy  systems  prior  to  selection  of  alloys  for  atomization  to 
powder,  consolidation,  and  testing,  Screening  alloys  were  melted  and  cast 
into  small  buttons,  worked,  heat  treated,  annealed,  and  evaluated  for 
softening  resistance  and  microstructural  stability.  To  assess  the  applicabili¬ 
ty  of  the  alloys  to  rapid  solidification,  screening  alloys  were  resolidified  by 
narrow  electron-beam  passes,  which  rsmeltsd  the  alloys  and  allowed  them 
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to  solidify  at  a  high  rata,  being  quenched  by  the  substrate.  The  electron* 
beam  passes  and  substrates  were  subjected  to  cold  rolling  and  anneals  to 
allow  assessment  of  the  stabilities  of  the  rapid  solidification  structures. 

Finally,  rapidly  solidified  melt*spun  ribbons  were  made  of  selected  copper* 
metal *boride  alloys  to  allow  assessment  of  the  processability  of  such  alloys. 

Task  2i 

2.1  Power  Production 

Alloys  selected  for  atomisation  to  powder  for  further  evaluation  and  testing 
were  melted  and  atomised  in  a  PAW  7-foot*diameter  rotary  powder 
atomisation  device. 

2.2  Powder  Processing  and  Evaluation 

Powder  alloys  were  consolidated  by  extrusion  to  bar  stock  and  subjected  to 
thermomechanical  processing  to  allow  evaluation  of  mlcrostructural  stabili¬ 
ty  and  softening  resistance,  and  to  provide  bar  stock  for  test  specimens. 
Preliminary  tensile  testa  were  conducted  to  allow  selection  of  alloys  for 
property  characterisation. 

Task  3: 

3.1  Characterisation 

The  most  promising  powder  metal  (PM)  alloys  were  characterised  by 
elevated  temperature,  tensile,  creep,  LCF/TMF,  and  thermal  conductivity 
testing,  Testing  was  conducted  at  conditions  believed  to  adequately  match 
those  found  in  actual  thrust  chamber  use. 

The  work  was  performed  iteratively,  with  results  of  the  screening  efforts  and  PM  alloy 
evaluations  being  used  to  guide  further  screening  alloy  and  PM  alloy  selections.  The  logic  steps 
are  shown  in  Figure  6, 

Two  general  iterations  were  made,  resulting  in  two  batches  of  powder  alloys. 

Screening  alloy  systems  were  chossn  on  the  basis  of  ths  literature  survey  and  previous 
experience  at  PAW  on  other  alloy  systems.  Several  types  of  alloy  systems  were  chosen. 

One  system  consisted  of  alloys  that  could  be  expected  to  form  precipitates  or  dispersions, 
based  on  the  alloy  addition's  solubility  in  solid  copper.  These  included  precipitation  hardening 
syetema  found  in  the  literature  survey.  These  systems  were  also  screened  as  dispersion  systems 
by  Increasing  the  alloy  content  above  the  solid  solubility  limit  and  using  rapid  solidification  to 
finely  disperse  the  excess  primary  solidification  precipitates.  Being  above  the  solid  solubility 
limit,  these  dispersions  could  never  be  completely  dissolved;  if  dimensionally  stable,  they  could 
act  as  effective  hardeners. 

Another  type  of  screening  alloy  system  investigated  encompassed  additions  that  might  form 
compounds  so  stable  at  high  temperature  (high  melting  point  or  free  energy  of  formation)  that  if 
dispersed  effectively  in  copper,  they  should  remain  well  dispersed  at  high  temperatures  and 
stabilise  the  mlorostructure.  These  systems  were  comprised  of  borides,  silicides,  and  high- 
temperature  lntermetallic  compounds. 


The  lest  type  of  alloy  system  investigated  here  was  a  class  of  alloys  that  was  expected  to 
produce  precipitatea/diiperaione  having  low  lattice  mismatch  with  the  copper  matrix.  A  low 
mismatch  would  be  expected  to  minimize  precipitata/dispenion  coarsening  at  high  temperatures. 
In  most  cases,  low-solubility  alloying  additions  were  used. 

The  specific  systems  triad  are  listed,  by  type,  in  Table  1. 

The  screening  alloys  were  evaluated  in  the  cut  +  wrought  form  and  in  the  rapidly  solidified 
(+  wrought)  forms.  The  Utter  were  used  to  assess  the  effects  of  rapid  solidification.  Cut  + 
wrought  alloys  were  solution-treated,  cold-worked  (optional),  aged,  and  then  stability  totted  by  a 
12-hour,  650*C  (1200*F)  anneal  (650'C  was  used  to  approximate  the  maximum  use  temperature 
without  going  so  high  u  to  rule  out  systems  that  were  almost  sufficiently  stable).  This  allowed 
auessment  of  age-hardenabillty,  cold-work  hardanabllity,  and  softening  resistance,  giving  a 
buellne  view  of  the  alloy  characteristics.  Rapidly  eolidified  (elect  ron-beam-processed)  alloys 
wore  cold-worked  (optional)  and  stability  tested  (650*C/12-houi  anneal)  to  usees  the  stability  of 
the  dispersion  and  its  effUot  on  mierostructure  and  softening  resistance.  Electron-beam 
processing  wu  used  to  effect  rapid  eolidifioation  because  it  wu  simple,  effective,  and  provided 
samples  in  a  convenient  form  for  farther  mechanical  working  and  annealing. 

From  the  results  of  the  screening  studies,  powder  alloys  were  formulated,  processed,  and 
evaluated.  Powder  metallurgy  alloys  were  evaluated  after  extrusion  consolidation,  and  various 
post-consolidation  wrought  and  thermal  treatments.  Again,  the  intention  wu  to  assess  the 
stability  of  precipitates/disperslons  and  raiorostructure  after  deformation  and  thermal  extru¬ 
sions.  The  650'C/12-hour  stability  test  anneal  wu  used  here  also. 

Mechanical  and  physical  property  testing  wu  conducted  under  conditions  expected  to 
simulate  thrust  chamber  conditions.  All  testing  wu  conducted  under  argon  or  vacuum  (thermal 
conductivity)  to  avoid  oxidation  effecta.  Testing  wu  conducted  in  the  range  of  room  temperature 
to  705*C  (1300*F),  which  is  the  expected  maximum  hot-wall  temperature.  Mechanical  tests  were 
conducted  at  the  high  end  of  the  temperature  range,  since  that  wu  where  the  significant  effects 
were  expected.  Mechanical  testa  were  conducted  at  strain  rates  expected  to  be  present  In  the 
hardware,  since  some  alloys  might  be  more  strain  rate  unsitive  than  others.  Creep  testing  was 
conducted  at  the  yield  stress,  since  the  high  strains  existing  in  the  part  cause  any  holds  to  occur 
after  it  hu  yielded  LCF  tasting  wu  conducted  under  conditions  u  closely  approximating  actual 
aervice  u  present  testing  capability  would  permit. 
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Figure  5.  Program  Logic 


TABLE  1.  -  SCREENING  ALLOY  SYSTEMS  AND  EXPECTED 
STRENGTHENING  PHASES 


CoMMntional  SytUm* 

Hish-T*mB!rotun  DUptniom 

Cu-Zf 

(Cu,Zr) 

Boridu  (1-2  at*) 

Cu-Cr 

(Cr) 

Cn*A| 

(A«) 

Cu-Zf-B 

(ZrB,) 

Cu-Hf 

(Cu,HI) 

Cu-Hf-B 

(Hffi.) 

Cu-Nb 

(Nb) 

Cu-Tl-B 

(TIB,) 

Cu-V 

(V) 

Cu-MM-B 

(MMB,) 

Cu-MM 

(CV|MM) 

Cu-Y-B 

(YB.) 

Cu-Y 

<Cu,Y) 

Cu-V-B 

(VB.) 

Cu-Mo 

(Mo) 

Cu-Cr-B 

(OrB,) 

Cu-Zr-Cr 

(CUfZr,  Cr) 

Ou’Nb>B 

(NbB,) 

Cu-Zr-A* 

(Cu,Zr,  Ac) 

Cu-Mo-B 

(MoB) 

Cu-Zr-Hf 

(CtifZr,  Cu,HI) 

Cu-Al'B 

(A1B„) 

Cu-Zr-Nb 

(CU|Zrt  Nb) 

Cu-Sl-B 

(SIB) 

Cu-Zr-V 

(Cu,Zr,  V) 

Cu-Ni-B 

(NIB,) 

Cu-Zr-MM 

(CugZr,  Cu,MM) 

Cu-Fi-B 

(FaB) 

Cu-Zf-Y 

(CU|Zr,  Cu,Y) 

Cu-Co-B 

(Co«B) 

Cu-Zi-Mo 

(Cu,Zr,  Mo) 

Gl-Zr-B-Ac 

(ZrB,) 

Cu-Zs-Tl 

(Cu,&,  Cu,Tl) 

Ou-Tl-B-Ac 

(TIB,) 

Cu-Zi-Cr-Ai 

(Cii|Zri  Cr,  A«) 

Cu-MMB-Ac 

(MMB,) 

Cu-Cr-Tl 

(Cr,  CU.T0 

Cu-Tt-B-Cr 

(TiB„  Ct) 

Cn»Gr»Y 

(Or,  Cu,Y) 

Cu-Cr-MM 

(Cr,  Cti|MM) 

SiUtldoi  (2  at%) 

Cu-CfV 

(Cr,  V) 

Cu-Gr-Nb 

(Cr,  Nb) 

Cu*Nb*Sl 

(Nb,sg 

Cu-Cr-Hf 

(Cr,  Cu,Hf) 

Cu-Cr-81 

(Cr,Si) 

Cu-CrAc 

(Cr,  A«) 

Cu-Hf-St 

(HI, 81,) 

Cu*Or*HT«A| 

(Cr,  Cu,Hf,  Ac) 

Cu'Tt-Sl 

(Tt|S(|) 

Cu-Hf-A* 

(CU|Hf,  Ac) 

Cu-Zr-Sl 

(Zr,Si,) 

Cu-Ti-Ai 

(Cu,TI,  Ac) 

Ou-Y-81 

(vsg 

Cu-Ti-Hf 

(Cu,TI,  Cu,Hf) 

Low-Miimatch  Compound!,  (mkfU)  (i  otXJ 

InUmitalllei  (2  at%) 

Cu-Hf-Fa 

(HfFe,) 

Cu-Cr-Fa 

(Cr  w/F*,  <a.a%**) 

Cu-Hf-Mn 

(HfMn,) 

Cu-Cr-Co 

(Cr  w/Co,  <3.SV) 

Cu-Hf-Nl 

(HfNi,) 

Cw-Al-Nl 

(NI.A1,  11%) 

Cu-Hf-Co 

(HfCo,) 

Cu-Zr-AJ 

(Zr.Al,  SIX) 

Gu-Fa-Ti 

(Fa,TI) 

Cu-Co'V 

(Co,V,  l.B* 

Gu-Fa-Nb 

(Fa,Nb) 

Cu-Nl-Sl 

(Ni|SI,  3, OX) 

Cu-Fa-Zr 

(Factor) 

Cu-AfY 

(AcY,  0,1*) 

Cu-Nl-Zr 

(Nl,Zr) 

Cu-Cr-HT 

(Cr,Hf,  8.8%*) 

Cu-TI-AJ 

(n,Al) 

Cu-Fa-Y 

(Fa,Y,  1.7**) 

Cu-Co-Y 

(Co,Y,  0.1%) 

MM  >  mltohmatal 

*  Band  on  is  ooppar  lattica  (Sa-7Ji3A) 

**  KuKMtmw-Saaha.  aloni  Cu  <110>  and  Cr  <1U> 
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SECTION  II 

EXPERIMENTAL  PROCEDURE 


1.  SCREENING  EFFORT 

Scruning  alloys  having  tha  oompoaitiona  liatad  in  Table  2  ware  melted,  processed  via  the 
flowsheets  in  Figures  6  through  8,  and  evaluated  as  described  below. 

a.  Screening  Alley  Melting 

Screening  alloys  ware  arc-melted  under  argon  with  a  nonconsumable  tungsten  electrode  in 
a  water-cooled  oopper  hearth  and  out  in-situ,  producing  button  outings  weighing  100  to  400 
grams.  Arc  melting  wu  performed  in  a  device  (Figure  9)  that  incorporated  a  1200-amp  power 
supply.  Ths  procedure  for  arc  melting  wu: 

1.  Charge  hearth  with  elemental  additions  (C10100  copper  wu  used.  Cu-l5%Cr 
and  Cu-30%Zr  master  alloys  were  uud  in  applicable  alloys  after  CB-43). 

2.  Clou  device,  pump  down  to  10  millitorr  or  leu  (by  thermocouple  gauge), 
backfill  with  Ar,  pump  down  to  2  millitorr  or  less,  backfill  with  Ar  to  28  kPa 
(4  psig.) 

3.  Arc  molt  and  mix  with  arc  for  1  to  1-1/2  minutes.  Let  cool. 

4.  Open  chamber,  flip  button,  repeat  steps  2  and  3,  remove  button. 

b.  Screening  Alloy  Prooeselng 

Buttons  were  cut  up  and  processed  by  conventional  wrought  processing  and  rapid 
solidification  proceuing  according  to  Table  2  and  the  flow  sheeta  in  Figures  6  -  3. 

Conventional  processing  consisted  of  heat  treatments  and  rolling.  Solution  and  age-heat 
treatments  were  performed  In  air-atmosphere  electric  furnaces.  The  850'C  (1200’F)  stability  test 
anneals  were  performed  in  a  vacuum  furnace,  operating  at  over  10"4  microns  vacuum,  and 
employing  a  heatup  rata  of  about  S50*C/hr  (1000*F/hr)  and  a  cooldown  rate  of  about  330*C/hr 
(600‘F/hr).  Bolling  wu  accomplished  on  a  2-high  rolling  mill  with  10-inch-diameter  rolls.  Soaks 
prior  to  hot  rolling  luted  about  30  minutes,  and  rehuts  about  5-10  minutes.  Reductions  per  pus 
were  about  20-25  percent  for  bot  rolling,  10  percent  for  cold  rolling.  No  Intermediate  anneals 
were  used  in  cold  rolling. 

Rapidly  solidified  samples  of  screening  alloys  were  prepared  by  traversing  a  8mm  (1/8-inch) 
thiok  slice  of  the  cut  or  hot-rolled  alloy  with  an  electron  beam.  Several  beam  puses  were  made 
on  uch  alloy  slice,  spued  about  3mm  (1/8-inch)  apart.  Beam  pass  parameters  were:  100-kV 
beam  voltage,  10-mA  beam  current,  and  90  inches/mlnute  bum  traveru  speed.  Part  of  the 
sample  wu  cut  off  for  u-solidifled  evaluation,  another  wu  cut  off  for  the  850*C  stability  test 
(optional:  ue  flowcharts),  and  the  remainder  wu  clad  in  a  piece  of  copper  tube.  This  wu  cold- 
rolled  (see  flowcharts  for  reductions),  and  a  portion  of  the  cold-rolled  sample  wu  subjected  to  the 
650*  C  stability  test. 
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TABLE  2.  -  SCREENING  ALLOYS 
Aim  Solution 

Sutton  Composition  Ttmtumtui*  SB 


No. 

(wt.%) 

•C  *F 

Proetu 

Rtmark* 

CB-1 

Cu-l.OA# 

730 

1460 

CB-8 

cu-3.oa« 

730 

1460 

CB-3 

Cu-6.0A| 

730 

1460 

OB-4 

Cu-0.5Zr-3,OA* 

886 

1700 

Ym 

NA8A-Z  tquivtknt 

OB-S 

Cu-O.SZr 

086 

1700 

Am  tire  KpjJvtknt 

OB -8 

Cu-0.42r 

085 

1700 

Y« 

OB-7 

Cu-l.OZr 

U5 

1700 

Y« 

OB-16 

Cu-0.82r-l.6At 

085 

1700 

NASA  1,1  tquivalMt 

OB-17 

Cu-l.12r-0.3B 

085 

1700 

Ym 

ZrB, 

OB-16 

Gu-8.8Kf-0.3B 

886 

1700 

Ym 

HtB, 

CB-18 

Cu-0.7Tl-0.3B 

880 

1700 

Ym 

TIB, 

OB-SO 

Cu-0.SMM-0.4B 

670 

1600 

Ym 

MMB, 

OB-81 

Cu-0,4Or 

886 

1700 

0B-a 

Cu-l.0Or-0.8Zr 

885 

1700 

Ym 

UndiMoIvtd  Or 

CB-83 

Cu-l.OCr 

885 

1700 

Ym 

Undlwolvtd  Cr 

OB-84 

Cu-0.8Zr-l.BA| 

885 

1700 

OB-86 

Cu-0.40r-0.8Zr 

836 

1700 

OB-86 

Gr-0.6Zr-0.13B 

NA 

Ym 

ZrB, 

OB-87 

Cu-l.02r-0.13B 

NA 

Ym 

ZrB,+Zr 

OB-88 

Cr-0.6Zr-0.a8B 

NA 

Ym 

ZrB,+B 

CB-89 

Ou-0.36n-0.16B 

NA 

Ym 

TIB, 

OB-30 

Cu-0.60n-0.16B 

NA 

Ym 

TlB,+n 

CB-31 

Cu-0.30n-0.30B 

NA 

Ym 

TIB.+B 

OB-33 

Cu-0.4V-0.13B 

386 

1700 

Ym 

VB, 

CB-33 

Cu-0.B6Zr-0.18B- 1 .0A| 

386 

1700 

Ym 

ZrB|+A| 

OB-34 

Cu-O.SHf 

886 

1700 

OB-81 

Cu-1.3Hf 

386 

1700 

Ym 

OB-36 

Ou-0.8Zr-0.8Hf 

886 

1700 

OB-37 

Cu-0JZr-1.3Hf 

386 

1700 

Y  a 

OB-43 

Cul.OCr 

1000 

1830 

Ym 

CB-44 

Cu*0.0Cr 

1000 

1630 

OB-43 

Ou-O.BCr 

1000 

1630 

OB-46 

Cu-l.OCr-0.8Zr 

866 

1760 

Ym 

CB-47 

Cu-0.4Cr-0.3Zr 

066 

1760 

Ym 

CB-4B 

Cu-0.40r-0.8Zr 

866 

1760 

Ym 

OB-43 

Cu-O.BV 

1040 

1800 

CB-60 

Cu-0.aZr-0.0Hf 

866 

1760 

Ym 

CB-31 

Cu-0.8Zr-0.0Hf 

866 

1760 

Ym 

CB-88 

Cu-0.6Zr-l.aHf 

866 

1760 

Ym 

CB-83 

Cu-0.7MM-0.3B 

646 

1660 

Ym 

MMB, 

CB-64 

Cu-0.7MM-0.4B 

645 

1660 

Ym 

MMB, 

CB-88 

Cu-0.4Y-0.3B 

670 

1600 

Ym 

YB, 

OB-67 

Cu-0.6V-0.8B 

1060 

1380 

Ym 

VB, 

CB-66 

Cu-0.6Cr-0.8B 

1000 

1630 

Ym 

CrB, 

CB-83 

Cu-l.0Nb-0.3B 

1060 

1880 

Ym 

NbB, 

CB-60 

Cu-l.BMo 

NA 

CB-61 

Cu-l.0Mo-0.8B 

NA 

Ym 

MoB 

CB-68 

Cu-0.1A1-0.3B 

1060 

1680 

Ym 

AIBu 

OB-63 

Cu-0.4810.8B 

1000 

1830 

Ym 

SIB 

CB-64 

Cu-0.8Cr-0.6Zr 

866 

1760 

Ym 

CB-66 

Cu-8.OCr-8.OZr 

866 

1760 

Ym 

CB-66 

Cu-o.ay 

670 

1600 

Ym 

CB-67 

CU-0.4V 

670 

1600 

Ym 

CB-66 

Cu-l.OY 

870 

1600 

Ym 
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TABLE  2, 


SCREENING  ALLOYS  (CONTINUED) 


Aim  Solution 


Sutton 

No. 

Compooition 

Ttmpomirt 
•C  *F 

SB 

Proton 

Rtmarkt 

CB-68 

CU-0.4MM 

845 

1560 

Ym 

CB-70 

Cu-l.OMM 

845 

1560 

Ym 

CB-71 

Cu-0.8Zi-0.4Y 

870 

1800 

Ym 

CB-78 

Cu-0.8Zr-1.0Y 

870 

1600 

Ym 

CB-78 

Cu-0.8Zr-0.4MM 

845 

1550 

Ym 

CB-74 

Cu-0.8Zr-l.0MM 

845 

1650 

Ym 

CB-75 

Cu-0.4Cr-0.4Y 

870 

1600 

Ym 

OB-76 

Cu-1.0CM.0Y 

870 

1600 

Ym 

OB-77 

Cu-0.40r-0.4MM 

845 

1650 

Ym 

OB-76 

Cu-l.0Gr-l.0MM 

845 

1560 

Ym 

CB-79 

Cu-0.4Mo 

1050 

1980 

Ym 

CB-60 

Cu-0.4Zr-0.4Mo 

065 

1750 

Ym 

OB-61 

Cu-l.8Nb-0.3Bl 

1000 

1830 

Ym 

CB-68 

Cu-l.aCr-0.8Sl 

1000 

1830 

Ym 

CB-aa 

Cu-3.aHf-0.4Si 

965 

1760 

Ym 

OB-84 

Cu-1.0TI-0.381 

955 

1750 

Ym 

CB-16 

Cu-l.7Zr-0.481 

966 

1760 

Ym 

OB-86 

Cu-0.9Y-0.681 

870 

1600 

Ym 

OB-67 

Cu-0.7Nb 

1040 

1900 

Ym 

OB-68 

Cu-1.3Nb 

1040 

1900 

Ym 

OB-91 

Cu»1.00r-1.0Nb 

1000 

1830 

Ym 

OB-66 

Cu-9.00r-9.0Nb 

1000 

1830 

Ym 

OB-93 

Cu-1.9V 

1060 

1990 

Ym 

OB-94 

Cu-0.9Zr-0.5V 

965 

1750 

Ym 

0B-9S 

Cu-OJZr-l.OV 

955 

1750 

Ym 

OB-96 

Cu-0.40r-0.5V 

1000 

1830 

Ym 

OB-97 

Gu-1.0GM.0V 

1000 

1830 

Ym 

OB-98 

Cu-0.4CH).8Zr-1.0At 

966 

1760 

Ym 

OB-99 

Cu-0.4Cr-1.0A| 

1000 

1830 

Ym 

GB-100 

Ou-0.7T1-0.3B-1.0A| 

966 

1750 

Ym 

TIB,+ Af 

OB-101 

Cu-0.8MM-0.4B-  l.OAf 

845 

1550 

Ym 

MMB,+Af 

CB-109 

Cu-  ..0Cr-0.7Ti-0.3B 

966 

1750 

Ym 

TiB,+Cr 

CB-104 

Cu-0.9Zr-0.7Nh 

965 

1750 

Ym 

CB-106 

Cu-0.8Zr-l.3Nb 

965 

1750 

Ym 

CB-107 

Cu-9.9Zr-0.8Al 

966 

1750 

Zr|Al 

CB-108 

Cu-1.1T1-0.9A1 

965 

1750 

TlfAl 

CB-109 

Cu-1.4Co-0.4V 

1080 

1370 

Ym 

Co,V 

CB-UO 

Cu-1.4N1-0.8S1 

965 

1750 

Ni|S! 

OB-111 

Cu-1.6A|-1.4Y 

870 

1600 

AfY 

CB-U8 

Cu-l.OCr-8.OHf 

965 

1750 

Cr,Hf 

CB-113 

Cu-l.lFfrl.OY 

870 

1600 

Ftjy 

CB-114 

Cu-l.8Co-l.0Y 

870 

1600 

Co,Y 

CB-116 

Cu-1.4M-0.8A1 

1090 

1670 

Nl|Al 

CB-116 

Cu-0.6Cr-3.0Af 

1000 

1330 

CB-117 

Cu-0.8Hf-3.0Af 

940 

1795 

CB-118 

Cu-0.6Cr-0.8Hf 

940 

1796 

Ym 

CB-116 

Cu-0.60r-0.6Zr-3.0At 

940 

1786 

CB-190 

Cu-O.6Cr-0.8Hf-3.0At 

940 

1795 

CB-131 

Cu-0.8Cr-0.7Tl 

940 

1785 

OB-198 

Cu-0.6Zr-0.7Tl 

940 

1795 

CB-183 

Cu-0.8Hf-0.7n 

940 

1795 

Ym 

CB-184 

Cu-l.0TI-8.0Af 

900 

1650 

CB-13B 

Cu-0.6Cr-0.8Ft 

1000 

1830 

(CrPa) 
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TABLE  2. 


SCREENING  ALLOYS  (CONTINUED) 


Button 

No. 

Aim 

Composition 

(wt%) 

Solution 
Temperature 
•C  *F 

SB 

Proem 

Remrht 

CB-126 

Cu-0.6Cr-4.SCo 

1000 

1330 

Yaa 

(CtCo) 

CB-127 

Cu-0.6Nl-0.SB 

1086 

1680 

Yaa 

NIB, 

CB-188 

Cu-0JFa-0.8B 

1036 

1380 

Yaa 

FeB 

CB-189 

Cu-l.9Ca-0.SB 

1026 

1880 

Yaa 

Co£ 

CB-130 

Cu-l.9KM.iFe 

940 

1796 

Yaa 

HfFa, 

CB-131 

Cu-l.9HM.lMn 

940 

1726 

Yaa 

HfMn, 

CB-132 

Cu-1.9HM.2N1 

940 

1725 

Yaa 

HfNl, 

CB-133 

Cu-UHf-UCo 

940 

1726 

Yaa 

HICo, 

CB-134 

Cu-l.lFe-OATi 

940 

1726 

Yaa 

Fa,TI 

OH- 135 

Cu-l.lFa-l.ONb 

1026 

1680 

Yaa 

Fa,  Mb 

CB-iae 

Cu-l.lFa-l.OZr 

940 

1726 

Yea 

Fa,Zr 

CB-137 

Cu-l.6M-0.6Zr 

940 

1725 

Yaa 

Ni,Zr 

CB-lito 

Cu-0.4Y-0.3B 

NA 

Chaek  for  YB, 

CB-130 

Cu-1.0Nb-0.2B 

NA 

Chaek  for  NbB, 

CB-l  40 
CB-144 

Cu-0.6AI-  0.3B 
Cu-0.06Tl-0.OlHr-0.3Al 

NA 

940  1726 

Chaek  for  AS,, 

Amain 

Cu-0.16Zr 

086 

1700 

Commareial  material 

NASA-Z  Cu-0.5Zr-3.0Ac 

Malarial  orifinii 

996 

1700 

Yaa 

NASA  URC  malarial 

CB-l  —  CB-6t  PAW  Material*  Enffoearing  Rataarch  Lab.,  B.  Hartford,  CT 
CB-7  —  CB-37:  Uni  tad  Tachnologiat  Rataarch  Can  tar,  B.  Hartford,  CT 
CB-43  —  CB-144:  PAW  Florida;  uaad  Cu-15ftCr  and  Cu-30%Zr  m attar  Alloy*. 


Cut  Button 


Hot  Rol 
50% 


Electron 

Bum  Pm 


Solution 
26  MlnutM 


Ago 

370*C 
(700*F) 
2  Hour* 


A8* 
480*C 
(900'F) 
2  Hours 


Ago 
850*0 
(1200*F) 
2  Hours 


Age  Age  Age 

370#C  480*C  660'C 

(700*F)  (900*F)  (1200'F) 

2  Hours  2  Hours  2  Hours 


Cold  Rol 
40% 


StabMIty  Tut  Anneal 
650*C  (1200*F)/12  Hr/FC  (Vscuum) 


Stability 
Teat  Anneal 

650*C  (1200*F)/12  Hr/FC 
(Vacuum) 


Figure  6.  Screening  Flow  Chart  Alloys  CB-l  Through  CB-25  and  CB-34  Through  CB-37 
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Cut  Button 


Figure 


60% 


Solution 
30  Mlnutu 


♦ 

Cold  Rol 
40% 


f 

Cold  Roll 
26% 


Ago 

480*C  (900*F) 
2  Houri 


Stability  Tut  Annul 
660'C  (1200*F)/12  Hr/FC  (Viouum) 


7.  Screening  Flow  Chart;  Alloys  CB-43  through  CB-107,  CB-109  through  CB-120, 
CB-125,  CB-126,  and  CB-138  through  CB-144 
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Cast  Button 


Figurt  8.  Scrttning  Flow  Chart  CB-108,  CB-121  through  CB-124,  and  CB-127  through 
CB-137 
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Figurt  9,  P&W  Arc  Button  Melttr 

Rapidly  solidified  samples  of  copper-zirconium-boron  ailoya  were  alao  prepared  on  a  P&W* 
built  melt  spinner,  ahown  schematically  in  Figure  10.  Thia  jet-type  spinner  employed  a  200  mm- 
(8-inoh)-diameter  by  25  mm-(l-lnch)-thick  copper  wheel  driven  directly  by  a  variable-speed 
motor.  Wheel  ipeed  was  monitored  by  a  digital  tachometer  employing  a  magnetic  pickup.  The 
alloy,  generally  cut  from  an  arc-melted  button,  was  melted  in  a  1/2-inch-diameter  tubular  quartz 
crucible  coated  on  the  inside  with  a  fired  Al20,  coating  (Taycor  341  slurry,  applied,  dried  at 
100‘C  (210‘F),  fired  500’C  (930‘F)/2  hr  +  600*C  (1110  *F)/6  hr),  The  crucible  had  a  1-mm  orifice 
at  the  bottom.  Heat  waa  supplied  by  a  9  1/2-turn  induction  coil  (4.7  mm  or  3/16  inch  OD  tube) 
powered  by  a  variable-power,  high-frequency  supply.  The  crucible  top  waa  covered  with  a  fitting 
employing  a  viewport  at  the  end  and  a  helium  inlet  port  for  jet  pressurization.  At  times,  an  Ircon 
2-color  pyrometer  was  sighted  through  the  viewport  to  monitor  melt  temperature.  The  entire 
device  waa  enclosed  in  a  dryboz  with  a  vacuum  pump  and  attendant  plumbing  to  allow  inert 
operation,  The  melt  spinning  process  entailed: 

1.  Set  up  with  charge  in  quartz  tube, 

2.  Pump  out  dryboz  30  minutes.  Backfill  boz  with  helium  to  positive  pressure. 

3.  Turn  on  wheel  motor  and  adjust  speed. 

4.  Turn  on  induction  furnace,  adjust  power  until  desired  melt  temperature  is 
reached. 
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5.  Turn  on  jet  gaa  to  force  melt  through  crucible  orifice  onto  wheel,  where  it 
solidifies  before  being  flung  oft 

6.  Turn  off  furnace,  motor.  Open  dry  box  end  collect  ribbon. 

Ribbona  were  epun  using  the  parameters  In  Table  3  and  evaluated  ai-iolidifiecL 

o.  Screening  Alloy  Ivaluatlon 

Cast  +  wrought  acreenlng  alloys  were  evaluated  by  optical  microscopy,  scanning  electron 
microscopy,  electron  microprobe,  microhardness,  and  x-ray  diffraction.  The  rapidly  solidified 
materials  were  evaluated  by  optical  microsoopy,  scanning  electron  microscopy,  transmission 
electron  microscopy  of  extraction  replicas,  electron  mioroprobe,  and  microhardness.  Melt-spun 
ribbon  was  evaluated  by  optical  microscopy  and  electron  microbprobe.  Details  of  these  methods 
are  dismissed  later. 

2.  POWDIft  PRODUCTION 

The  compositions  atomised  and  general  atomisation  parameters  are  listed  in  Tables  4  •  6. 
Atomised  alloys  were  formulated  from  elemental  charges,  late  elemental  additions,  and  master 
alloys,  as  shown  in  the  table.  Asssys  of  the  constituents  used  are  shown  in  Table  7. 

a.  Matter  Alley  Production 

Master  alloys  were  melted  in  a  45-kilogram  (100-pound)  capacity  vacuum-induction 
melting  furnace,  using  a  silica-stabilised  alumina  crucible  (10  percent  silica)  and  copper  or  steel 
molds.  Elemental  additions  were  used  and  were  added  to  the  molten  copper.  Vacuum  melting 
parameters  are  shown  in  Table  8. 

b.  Powder  Production 

Copper-baaed  powders  were  atomised  in  the  PAW  2-meter  (7-foot)-diameter  RSR  device. 
The  device  ia  shown  in  Figures  11  and  12.  This  device  Incorporates  a  140-kllogram  (300-pound)- 
capacity  induction  melting  furnace  with  late  addition  capability.  Below  the  furnace  is  an 
induction-heated  tundish  and  metering  nosxle  system  that  directs  a  stream  of  molten  oopper 
alloy  on  to  the  center  of  the  atomiser.  The  atomiser  Is  a  horixontal  100-mm  (4-inch)-dismeter 
disk  that  spine  at  35,000  rpm  (turbine  driven).  The  molten  metal  is  accelerated  off  of  the  disk  in 
the  form  of  fine  droplets  that  a re  than  quenched  and  solidified  by  a  curtain  of  flowing  helium  gas. 
The  resulting  powder  falls  to  the  bottom  of  the  chamber  and  into  a  collector  can.  The  helium 
flows  put  the  collector  can,  into  a  cyclone  separator  where  airborne  particles  are  removed,  and 
Into  a  system  of  coolers  and  a  blower  to  return  to  the  atomiser  devioe  for  reuse.  The  device  is 
fully  instrumented  with  thermocouples,  pyrometers,  speed  transducers,  pressure  gauges,  closed- 
circuit  television  with  video  recorders,  and  high-speed  movie  cameras.  Alumina-1095  silica 
crucibles  and  tundishes  are  used. 

RSR  daviee  operation  entails  the  following  steps. 

1.  Charge  is  melted  under  a  vacuum  of  about  100  microns,  About  S  minutes 
before  atomisation  begins,  any  late  additions  are  added. 

2.  The  system  is  flllod  with  gaseous  helium,  to  14  kPa  (2  psig). 

3.  The  turbine  and  atomiser  disk  are  brought  up  to  speed  and  the  helium 
recirculator  blower  Is  turned  on. 


18 


4.  The  metal  i>  pound  from  the  melt  furnace  into  the  tundish,  from  which  it 
poun  onto  the  atomiser  disk.  Atomisation  commences.  Atomisation  eon* 
tinuee,  while  parameters  and  data  an  monitored. 

5.  When  the  melt  is  exhausted,  the  turbine  is  turned  off,  the  furnace  power  is 
shut  off,  and  the  ncireulator  blower  is  shut  off. 

6.  The  lower  head  is  blown  out  with  helium  to  flush  settlsd  powder  into  the 
collector  can.  Then  a  ball  valve  at  the  top  of  the  collector  can  is  dosed  and 
the  sealed  can  is  removed  from  the  device. 

7.  The  device  is  then  disassembled,  oleaned,  and  set  up  for  nuse. 

Run  parameten  for  the  copper  alloys  an  listed  in  Tables  4  •  8. 

e.  Powder  Handling 

After  atomisation,  the  powder  is  transfernd  via  the  sealed  collector  can  to  a  hellum*fllled 
glove  bos.  The  can  is  attached  to  the  glove  bos  and  emptisd  into  it.  The  powder  is  screened  into 
the  desired  else  fractions  inside  the  bos,  using  200  mm-(8-inch)-diameter  Tyler  screens.  Powder 
not  used  immediately  is  stored  under  helium  in  glass  Ball*type  canning  jars. 

d.  Powder  Ivaluatlon 

Atomised  powder  wu  evaluated  by  optical  and  scanning  electron  microscopy,  electron 
microprobe,  x-ray  diffraction,  water  analysis,  oil  analysis,  oxygen  analysis,  carbon  analysis,  and 
chemical  analysis  by  inductively  coupled  plasma  emission  spectrophotometry. 

3.  POWDKR  PROClitINQ 

a.  Vacuum  Hot  Compaction  Conaoildatlon 

Samples  of  copper  alloy  powders  were  hot  vacuum  consolidated  for  cleanliness  evaluation. 
This  eras  performed  in  a  PAW  vacuum  hot  compaction/diffusion  bonding  press,  which  is 
essentially  a  small  vacuum  isothermal  forging  press.  Powder  samples  were  poured  into  a  90  mm 
long  X  45  mm*diameter  X  1.2  mm  wall  thickness  (3.5*inch  X  1.75-inch  X  0.05  inch)  austenitic 
stainless  steel  olosed-bottom  cylindrical  can  (In  air).  Multiple  samples  were  separated  with  sheets 
of  nickel  foil.  The  top  of  the  powder  was  covered  with  a  0.07-lnch-thick  stainless  steel  disk,  and 
the  entire  assembly  was  coated  with  a  boron  nitride  parting  compound,  placed  in  a  TZM 
molybdenum  die,  and  covered  with  a  TZM  molybdenum  punch.  The  assembly  was  placed  in  the 
vacuum  hot  press  and  instrumented  with  thermocouples.  The  press  wu  closed,  pumped  out  to 
better  than  5X10*6  microns,  heated  for  1.5  hours  to  760*C  (1400*F),  and  held  at  temperature 
another  2  hours.  Next,  compaction  pressure  of  200  MPa  (30  ksi)  wu  applied  gradually  over  30 
minutes  and  held  another  2  hours  at  a  temperature  of  760‘C  (1400‘P).  The  compaction  force  wu 
then  removed,  the  unit  cooled  (12  hours)  and  backfilled,  and  the  part  removed.  Powder  alloy 
samples  of  Alloy  992,  993,  994,  995,  998,  997,  998,  and  999  wore  compacted  in  this  manner. 
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TABLE  3.  -  MELT  SPINNING  PARAMETERS 


Whtsl 


fitm 

AUoy 

Tsmpsnturt 

•c  •#■ 

Spssd 
_  (rtm) 

On  Pmm 

hPa  ask 

Cemmanti 

1 

CB-86 

Matt 

8400 

63 

10 

S 

CB-86 

1480 

8600 

8400 

63 

10 

3 

CB-86 

1370 

8300 

8600 

70 

11 

Hold  malt  on#  aiouta 

4 

CB-86 

1840 

8600 

8600 

76 

11 

6 

CB-86 

1370 

8800 

3000 

33 

18 

Small  Bout# 

6 

CB-86 

I860 

3000 

8600 

33 

18 

TABLE  4.  -  ATOMIZATION  MELTS 


/tun 


Alloy 

Composition 

JshSi  - 


Total  Chargo 
Wsltht 

_ JM _ 


Crueihls  Charts* 


Additions 


m 

m 


Cu-l.lZr-0.34B 

Cu-l.lHf 


70 


Copper  bar,  B 
Cop  par  bar 


Zr 

Hf 


334 

Cu-OJZr 

110 

336 

Cu-0,6Zr 

63 

336 

Gu-0.6Zr-3.0At 

63 

337 

Cu-0.S6Zr-0.06B 

63 

336 

Cu-0.66Zr 

61 

033 

Cu-0.6Zr-S.0At 

70 

1038 

cu-o.6Hf-o.rn 

74 

1033 

Cu-0.6Cr-0.8Co 

76 

1034 

Cu-1.4Co-0.4V 

78 

1036 

Cu-l.OChO.6Zr 

73 

1036 

Cu-0.6Zr-l.lHf 

74 

1037 

Cu-l.0Cr-0.6Zr-3.0At 

76 

1036 

Cu-l.0Ch0.6Zr-3.0At 

70 

1033 

Cu-l.0Ch3.0At 

73 

1040 

Cu-0.6Zr-l.lKf 

74 

1041 

Cu-0.6Zr-l.lHf 

60 

1048 

Cu-l.4Co-0.4V 

71 

1043 

Cu-1.0Cr-3A| 

78 

Copptf  bifi  Zf 

Cu  bar,  VM  Cu-Zr  (1733) 

Cu  bar,  At  Zr 

Cu  bar,  B  Zr 

Ou  bar  Zr 

Cu  bar,  A#  Zr 

Cu  bar  Tl,  Hf 

Ou  bar,  VM  Cu-Cr-Co  (1334) 

VM  Cu-Co-V  (1333,  1833) 

VM  Cu-Or  (1340,  1341)  Zr 

Cu  bat  Zr, 

Ou  bar,  VM  Cu-Cr  (1143)  Zr, 

Rub  1037  bool  Zr, 

Cu  bar.VM  Cu-Cr-Af  (1343) 

Cu  bar  Zr, 

Rub  1040  boat  Zr, 

VM  Cu-Co-V(1848,  1343) 

VM  Cu-Cr-Af  (1364,  1863) 


*  VM  “Vacuum-lnductlon-maltad  waitar  Alloy 
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TABLE  5.  —  SELECTED  ATOMIZATION  P 
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TABLE  6. 


ATOMIZATION  PARAMETERS  (METAL  TEMPERATURES) 


/tun 

Alloy 

Competition 

(uit.%) 

Milt  Ttmp 
at  four 

CC) 

7\inddh  Toma 
four  End 

...CP) _ CO 

Nouli  Time 
Pour  End 

CC) _  CC) 

Command 

002 

Cu-l.lZr0.34B 

1046 

1340 

1326 

NA 

NA 

Chucked  akulla  -  abort 

M3 

Cu-l.lHf 

1180 

1280 

1100 

NA 

NA 

M4 

Cu-O.BZr 

1230 

1226 

1228 

1116 

1070 

Skulk  -  abort. 

oes 

Cu-0.6Zr 

1206 

1220 

1176 

1080 

1066 

M6 

Cu-0.6Zr-S.OAg 

1170 

1240 

1160 

1070 

1060 

037 

Cu-0.8SZr-0.06B 

1800 

1470 

1406 

1240 

1220 

MB 

Cu-0.65Zr 

1180 

1206 

1176 

1060 

1040 

Skulk  -  abort. 

MB 

Cu-0.5Zr-3,0Ag 

1240 

1370 

1126 

1010 

1030 

1032 

Cu-0AHf-0.7Tt 

1176 

1166 

1160 

1350 

>  1366 

1033 

Cu-0.6Cr-0.2Co 

1130 

1246 

1160 

1346 

>  1366 

1034 

Cu-1.4Co-0.4V 

1240 

1316 

1216 

>  1356 

>  1356 

1038 

Cu-l.0Cr-0.6Zr 

1176 

1280 

1176 

1276 

1320 

1036 

Cu-0.6Zr-l.lKf 

1186 

1266 

1160 

1200 

1270 

1037 

Cu-l.0Cr-0.6Zr-3.0Ag 

1120 

1270 

1270 

1226 

NA 

Blocktd  noula  -  abort 

1036 

Cu-l.0Cr-0.6Zr-3.0Al 

1120 

1160 

1120 

1206 

1160 

1030 

Cu-1.0Cr-3.0A| 

1120 

1006 

1006 

1106 

1006 

1040 

Cu-0.6Zr-l.lHf 

1120 

1120 

NA 

1260 

NA 

Blocked  noula  -  abort 

1041 

Cu-0.6Zr-l.lHf 

1140 

1160 

1100 

1260 

1240 

1042 

Ou-l.4Co-0.4V 

1240 

1266 

1220 

>  1366 

NA 

1043 

Cu-1.0Cr-3.0Ai 

1120 

1116 

1116 

1316 

1246 

TABLE  7.  - 

MELT  STOCK  USED  IN  POWDER  MAKING 

Elomtnt 

Atilt  Stock 

Boron 

99,875  B.  panulai 

Chromium 

00.475  Cr,  alualnothamlo 

Cobalt 

00.075  Co,  alaetrolytle 

Coppar 

Hafhlum 

C10100,  oxygen-fret  akctronlo,  OO.M75  Cu,  bar 

00.775  Hf  (including  31.575  Zr),  ehlpt 

Sllvar 

00.071  Ag,  palkta 

Titanium 

0075  Tl,  chopped  ihaat 

Vanadium 

00.775  V,  ohlpi 

Zlroonium 

00.775  Zr  (InohidiM  31,5%  HO.  chipa 

TABLE  8.  -  VACUUM  MELTING  PARAMETERS 


VIM 

No. 

TV pa 

Total  Milt 
Weight 

(hi). 

Crucible  Chari* 

Late  Addition* 

Vacuum 

(Micron*) 

Min  Temp/ 
Time 

C Clmin ) 

Pour 

Temp. 

CC) 

1733 

Cu-Zr  matter 

15 

Cu  bar 

Zr 

60 

1260/30 

1160 

1834 

Cu-Cr-Ce  muter 

30 

Cu  bar,  Co 

Cr 

170 

1260/30 

1206 

1836 

Cu-Co-V  muter 

39 

Cu  Bar,  Co 

V 

170 

1290/60 

1316 

1830 

Cu-Co-V  muter 

30 

Cu  Bu,  Co 

V 

160 

1370/50 

1346 

1840 

Cu-Cr  muter 

39 

Cu  bu 

Cr 

100 

1290/36 

1105 

1841 

Cu-Cr  muter 

38 

Cu  bu 

Cr 

30 

1260/15 

1105 

1843 

Cu-Cr  muter 

36 

Cu  bu 

Cr 

150 

1290/20 

1276 

1846 

Cu-Cr-Ag  muter 

40 

Cu  bu 

Cr,  Ag 

250 

1260/20 

1230 

1848 

Cu-Co-V  muter 

37 

Cu  bu,  Co 

V 

960 

1345/20 

1315 

1840 

Cu-Co-V  muter 

37 

Cu  bu 

V,  Co 

110 

1260/15 

1260 

1864 

Cu-Cr-Ag  muter 

38 

Cu  bu 

Cr,  Ag 

400 

1345/30 

1150 

1886 

Cu-Cr-A|  muter 

38 

Cu  bu 

Cr,  Ag 

100 

1415/20 

1005 

1866 

NASA-Z 

38 

Cu  bu 

Zr,  A« 

100 

NA 

NA 
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Flgun  11.  PAW  RSR  Atommr 


Figur*  12.  PAW  HSR  Atomiur 
b.  Canning  fbr  Extrusion  Conaolldatlon 

Powder  was  canned  in  nominal  3-inch-diameter  extrusion  cam  for  extruaion  conaolidation. 
Can  configuration  ia  ahown  in  Figure  13.  Cana  were  welded  from  either  deoxidized  copper 
(C10100  and  C12200  with  AWS  RCu  wire)  or  plain  low-carbon  ateei  (aee  Table  9  for  can 
applicationa).  Cana  were  leak  taated  with  helium  maaa  apectrometer  leak  detectors  to  leak  rates 
better  than  10'*  cm*/»econd  (About  one  third  of  the  copper  cana  were  made  and  tested  at  P&W, 
the  remainder  were  made  and  tested  at  ZAK  Co.,  Troy,  NY.) 

Cana  were  filled  and  outgaaaed  in  three  ways.  See  Table  9  for  applicationa,  alloys  canned, 
and  size  fractions  used. 

( 1 )  Can  filling  via  Outgaaaar 

The  outgasser  used  ia  ahown  in  Figure  14.  It  ia  a  system  comprised  of  a  heatable  vertical 
tube  through  which  powder  ia  poured  from  a  transfer  can  into  the  extruaion  can,  all  under 
vacuum  produced  by  the  attached  pumps.  The  procedure  for  copper  alloys  was: 

1.  With  the  transfer  can  unattached  and  the  metering  valve  dosed,  an 
extruaion  can  waa  attached  and  the  system  pumped  down  and  leak  checked. 

2.  The  transfer  can  was  filled  with  540  ml  of  powder  in  the  drybox  and  the 
isolation  valve  was  dosed. 

3.  The  transfer  can  was  attached  to  the  outgasser,  tipped  (via  a  hose 
attachment),  and  allowed  to  pump  out  through  the  isolation  and  metering 
valves  for  15  minutes. 
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4.  The  transfer  can  wai  rightad  and  the  metaring  valve  adjuited  for  a  powder 
flow  of  0.5  kg/min  through  tha  outgaaiar. 

5.  After  the  extrusion  can  waa  full,  it  waa  pumped  out  for  another  30  mlnutei. 

6.  The  filler  tube  waa  crimped  3  times  and  levered  from  the  outgauer  at  the 
center  crimp.  The  end  waa  sealed  further  with  a  gas-tun gs ten-arc  weld. 

Throughout  the  process,  system  vacuum  was  maintained  below  6X10"*  microns.  Outgassing 
was  done  at  room  temperature. 


Figun  IS,  PAW  Extrution  Can  Autmbfy 
(2)  Can  Filling  We  Co kt  Pumpdom 

For  this  method,  the  can  waa  filled  In  the  drybox  and  pumped  out,  using  the  outgaaaer  as  a 
vacuum  source,  aa  follows. 

1.  An  extrusion  can  was  filled  in  the  drybox  under  argon;  an  isolation  valve  wae 
attached  to  the  can  and  dosed.  The  assembly  was  attached  to  the  outgaiser. 

2.  The  outgaaiar  was  pumped  down,  the  isolation  valve  was  opened,  and  the 
can  wu  pumped  out  for  1  hour.  System  vacuum  was  maintained  below 
8X10**  microns. 

3.  The  can  waa  eealed  as  above. 
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Powdar  Ratarvolr 


Consolidation 

Can 


Figun  14.  PAW  Powdtr  Outgasur 
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e.  Extrusion  Consolidation 

Powder  alloy*  were  consolidated  into  barstock  via  hot  extrusion  from  the  P&W  700-ton 
Lombard  press  (Figure  15).  Both  direct  extrusions  and  extrusions  preceded  by  hot  blank  die 
compactions  were  made.  Alloys  extruded,  extrusion  temperatures,  application  of  precompactions, 
extrusion  ratios,  press  loads,  and  other  variable  data  are  summarized  in  Table  9.  Other 
nonvariable  parameters  are  listed  below: 

•  Billet  preparation:  Grit  blast,  then  coat  with  DAG137  lube. 

•  Soak  ftrrnace:  air. 

•  Liner:  80  mm  (3.18-inch)  diameter,  heated  to  250'C  (500‘F),  Fiske  604  liner 

lube  (graphite/grease). 

•  Die:  Round  conical,  H-12  tool  steel  coated  with  zirconia,  Polygraph  lube 

(graphite/grease) 

•  Compaction  Conditions:  Hold  60  seconds  at  600  tonB. 

•  Furnace-to-press  transfer  time:  less  than  15  seconds. 

d.  Processing  of  Extrutloni 

Extruded  powder  alloys  were  subjected  to  various  thermomechanical  processing  treatments 
for  alloy  evaluation.  The  processing  schedules  are  shown  in  Figures  16  through  19.  Air  furnaces 
were  used  for  the  solution  and  age  treatments.  A  vacuum  furnace  was  used  for  the  650‘C 
(1200“F)  stability  tests:  vacuum  levels  were  better  than  10~4  microns,  the  heatup  rate  was 
500*C/hr  (1000'F/hr)  and  the  cooling  rate  was  330‘C/hr  (600‘F/hr).  Swaging  was  performed  in  a 
Fenn  4F  two-die  swaging  machine,  using  a  die  set  having  increments  of  13  percent  reduction  in 


TABLE  9. 


COPPER  ALLOY  EXTRUSION  CONDITIONS 


Alloy- 
Bar  No, 

Competition 

fwt%J 

Powder 

Fraction 

(math) 

Compaction 
Soak  (3) 
Whr) 

Extrusion 

Soak 

rc/M 

993-1 

Cu-l.lHf 

-230 

860/2 

660/3 

8:1 

28 

316 

256 

993-2 

Cu-l.lKf 

•930 

No  comp. 

660/2 

12:1 

2a 

371 

316 

993-3 

Cu-l.lHf  (4,6,7) 

•60+230 

No  oomp. 

860/2 

20:1 

16 

637 

513 

993-4 

Cu-l.lHf 

-230 

660/2 

660/8 

10:1 

26 

364 

328 

993-8 

Cu-l.lHf 

-230 

660/2 

660/3 

10:1 

26 

308 

266 

993-6 

Cu-l.lHf  (7) 

-80+230 

No  oomp, 

660/2 

20:1 

17 

NA 

NA 

995-1 

Cu-O.azr 

•230 

660/2 

660/2 

6:1 

28 

339 

325 

996-3 

Cu-o.azr 

-230 

No  oomp, 

860/2 

12:1 

23 

339 

311 

996-3 

Cu-O.BZr 

•830 

No  oomp. 

660/2 

20:1 

18 

426 

403 

996-4 

Cu-0.6Zr 

-230 

No  oomp, 

660/2 

30:1 

IB 

460 

439 

996-1 

Cu-0.6Zr-3.0Af 

•230 

660/2 

660/2 

8:1 

28 

4oa 

347 

996-3 

Cu-0.6Zr-3.OAf 

•230 

No  oomp, 

660/2 

12:1 

23 

407 

371 

997-1 

Cu-0.86ZrO,06B 

-230 

No  oomp, 

860/2 

12:1 

23 

360 

326 

997-8 

Cu-0.66Zr-0.06B 

•230 

660/2 

660/2 

8:1 

28 

311 

276 

996-1 

Cu-0,66Zr  (7) 

-83 

No  oomp. 

660/2 

12:1 

aa 

364 

325 

999-1 

Cu-0.6Zr-3.0Af 

•230 

660/2 

660/2 

B:1 

28 

369 

364 

999-8 

Cu-0.6Zr-3.0Af 

•230 

No  oomp, 

660/2 

12:1 

23 

410 

371 

1033-1 

Cu-0.8Hf-0.7TI 

-230 

660/2 

660/2 

10:1 

26 

371 

311 

1032-1 

Cu-0.8Hf-0.7Ti 

•230 

No  oomp. 

650/2 

20:1 

18 

623 

474 

1033-1 

Cu-0.6Cr-02Co 

•230 

660/3 

650/2 

10:1 

26 

283 

266 

1033-3 

Cu-0.6Cr-0.2Co 

•230 

No  oomp, 

660/2 

20:1 

16 

443 

389 

1036-1 

Cu-l.0Cr-0.6Zr 

•930 

660/8 

660/2 

10:1 

26 

354 

308 

1036-3 

Cu-l.0Cr-0.6Zr 

•230 

No  oomp. 

650,3 

20:1 

18 

496 

474 

1036-1 

Cu-0.6Zr-l.lHf 

•930 

660/3 

660/3 

10:1 

26 

333 

NA 

1036-3 

Cu-0.6Zr-l.lHf 

•230 

No  oomp. 

660/2 

20:1 

16 

425 

389 

1038-1 

Cu-l.0Cr-0.6Zr-3.0Af 

•230 

660/3 

660/3 

10:1 

26 

460 

379 

1038-3 

Cu-1.0Cr-0.6Zr-3.0Af 

-230 

No  oomp. 

650/2 

20:1 

18 

623 

478 

1043-1 

Cu-l.4Co-0.4V 

•230 

660/8 

650/3 

10:1 

26 

318 

268 

1042-3 

Cu-1.4Co-0.4V 

-230 

No  oomp. 

660/3 

90:1 

16 

425 

376 

1043-1 

Cu-l.0Gr3.0Af 

•230 

660/3 

660/3 

10:1 

26 

383 

308 

1043-2 

Cu-l.0Cr3.0Af 

-230 

No  oomp. 

660/3 

20:1 

18 

630 

460 

MIT-4 

Cu-l.lHf  (1,4,7) 

NA 

No  oomp. 

700/2 

30:1 

16 

371 

347 

MIT-5 

Cu- 1.  lHf  +  Oityfon 
(1.2, 4, 7) 

NA 

No  oomp. 

700/2 

20:1 

18 

347 

328 

PWNASZ-1 

Cu-0.6Zr-3.0Af 

infot 

No  oomp. 

640/2 

22:1 

16 

453 

396 

1.  Hydroftn  nduoed 
9.  AttriUd  powdii 

3.  "No  comp."  mMuu  no  compaction  -  t  direct  oitruaion 

4.  M3-3,  MIT-4,  MIT-5  tent  to  MIT 

5.  Stool  can 

3.  B ft  mum  brookthrou|h  force 

7,  Pumndown  (ills.  All  othrn  thro uih  outwear. _ 


•.  Additional  Prooaaa  Work 

Additional  processing  investigations  wen  conducted  on  Alloys  993  and  999.  Beth  alloys 
were  hot-swaged  to  a  50  percent  reduction  in  ana  at  870‘C  (1600'F),  then  solution-treated  at 
925'C  (1700‘F)  for  30  minutes  and  water  quenched,  then  cold  swaged  to  a  50  percent  reduction  in 
ana,  then  aged  at  480‘C  (900* F)  for  2  hours  and  air  cooled  Evaluation  was  by  optical 
microscopy. 
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Extrude  12:1/650*0  (1200*F) 


Stabtity  TMt  Anneal 
650*0  (1200*P)/12  Hr 


Figure  16.  Powdtr  Proctuing  Flow  Chart  AUoyt  683  Through  999  (Small  Extnuiona) 


Hot  Compact  650*0  (1200*F) 
Extrude  8:1/650*0  (1200*F) 


Stability  Teat  Anneal 
650*0  (1200*)/12  Hr 


Figure  17.  Powdtr  Proctuing  flow  Chart  AUoyt  893  Through  899  (Large  Extnuioru) 
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Solution  (H)  926'C 


Ago  (H)  480*C 


(Vacuum) 


Figure  18.  Powder  Processing  Flow  Chart  Alloys  1082  Through  1043  (Small  Extrusions) 


Hot  Compart  650*C  (1200*F) 
Extrude  10:1/B50*C  (1200*P) 


Stability  Tint  Anneal 
650*C  (1200*F)/12  Hf/FC 
(Vaouum) 


Figure  19.  Powder  Processing  Flow  Chart:  Alloys  1032  Through  1043  (Large  Extrusions) 

f.  Processing  of  Materials  for  Totting 

Material!  for  mechanical  and  phyilcal  property  teats  were  processed  according  to  the 
schedules  In  Table  10,  using  techniques  described  earlier.  Processed  materials  were  evaluated  by 
optical  microscopy  prior  to  specimen  machining. 
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TABLE  10.  ~  PROCESSING  SCHEDULES  FOR  TEST  MATERIALS 


Afty 

StrMNe. 

(Condition) 

Sount 

Ettnuion 

Proeutim  Dtter&tion* 

NASA'S 

i,a 

NA 

Two  hollow  eylindm,  u  motived,  NASA  URC 

NASAZ 

8,4,8 

NA 

Thraa  pancake  taction*,  u  raeoivtd,  NASA  LtRO 

NASA'S 

TC 

NA 

NASA-Z1  +  H.T.  706*0  (1300*F)A  hr/tlr  tool 

MS 

AB 

BBS-8 

Aa-aitrudtd 

MS 

BGWA-211 

MS-2 

636*0  (l700*F)/30  mln/WQ  +  CSW  S0%  RA  + 
480*C  (B00*F)/a  hr/AC 

MS 

HWSCWA 

BBS-1 

HSW  870*0  (ISOO'iySOR  RA  +  B26*C 
(170TP/1  hr/WQ  4-  CSW  60*1  RA  +  480*0 
(BOO*  t',/ 9  hr/AO 

bos 

KWSA 

908-1 

HSW  870*0  (1800*»)/S095  RA  4-  625*0 
(1700*  F)/l  hr/WQ  4-  480*0  (B00'F)/B  hr/AO 

MS 

CWCAR-1,  a,  s 

MS-4 

HSW  870*0  (1600*F)/949S  RA  4-  B40*C 
(1786*F)/1  hr/WQ  4-  CSW  3095  RA  4-  480*0 
(B00'F)/S  hr/AO 

MS 

TC 

MS-1 

705*0  (1SOO'F)/1  hr/AC 

MS 

AB-B 

BBS'S 

At-aitiudtd 

MS 

AB'S,  AB>4 

MS'S,  BBS-4 

Aa-tztrudtd 

MS 

SCWA-211 

MS-2 

686*0  (1700*F)/80  mln/WQ  4-  CSW  3095  RA  4- 
480*0  (BOO'F)/8  hr/AC 

MS 

BO 

MS'l 

CSW  6091 

BBS 

TC 

BBS'S 

706*0  (1300*r)/l  hr/AO 

BBS 

AB 

BB6-8 

Aa-aitrudad 

BBT 

AB 

M7'l 

Ai'titaudad 

M7 

SOWA-1U 

MM 

986*0  (1700*P)/30  min/WQ  4-  OSW  3095  RA  + 
480*0  (800*F>/2  hr/AC 

BBS 

SA 

BBS'S 

686*0  (1700*F)/30  min/WQ  4-  480*0  (B00*F)/ 

4  hr/AO 

BOB 

scwA-au 

BM-3 

986*0  (170Q'F)/30  min/WQ  4-  CSW  8095  RA  4- 
480*0  (900*r)/8  hr/AO 

MB 

HW 

BM-1 

HSW  870* C  (1600*F)/6095  RA 

MB 

HW8A 

999-1 

HSW  870* C  ( 1600*  F)/609S  RA  4-  B88*C 
(1700*F)/S0  min/WQ  4-  480'C  (B00‘F)/4  hr/AC 

1032 

AB 

losa-a 

Aa-istrudad 

1032 

scwA'i,  -a 

ioaa-1 

986'C  (1700*F)/30  min/WQ  4-  CSW  6095  RA  4- 
480*C  (B00*r)/3  hr/AC 

1032 

TO 

1038-a 

706*0  (1300*F)/1  hr/AC 

10S8 

AB 

loss-a 

Aa-istrudad 

1038 

BO 

1036-1 

CSW  6095  RA 

103S 

TO 

1088-8 

706*0  (1300')/1  hr/AO 

1036 

AB 

1036-9 

Ai-ntnidad 

1038 

AB 

loss-a 

At-titrudad 

1038 

SA 

1038-a 

686*0  (1700*F)/30  mln/WQ  4-  480*0  (BOO’F)/ 

8  hr/AO 

1042 

AB 

1042-8 

Aa-titiudad 

1043 

AB 

1043-8 

Aa-ixtiudad 

1043 

SCWA 

1043-1 

980*C  (1800*F)/30  mln/WQ  4-  CSW  6095  RA  4- 
480*0  (900*F)/8  hr/AC 

*WQ  - 

twin 

water  quench,  CSW  - 

oold  iwiii,  RA 

-  induction  in  area,  AC  *  air  cool,  HSW  ■  hot 
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g.  Evaluation  of  Powdar  Matallurgy  Coppar  Alloy* 


Wrought  powder  metallurgy  copper  alloyi  were  evaluated  by  optical  microscopy,  ecanning 
electron  microscopy,  tranamlaaion  electron  microscopy,  electron  microprobe,  x-ray  diffraction 
analysis,  Rockwell  B  and  F  hardneia,  hot  tensile  tests,  and  hot  compression  tests. 

4  TEST  AND  CHARACTERIZATION  METHODS 

Wrought  powder  alloys  were  conditioned  and  subjected  to  testa  as  detailed  in  Table  11. 
a.  Tenella  Tatting 

Tensile  testing  was  carried  out  in  argon  at  elevated  temperature  and  generally  at  high  strain 
rates.  Early  tests  were  performed  using  a  Tinius  Olsen  hydraulic  tensile  machine  and  used  a 
deflectometer  on  the  crosshead  to  obtain  yield  data.  Later  testa  were  conducted  on  an  MTS 
servohydraulio  machine  using  extansometers  on  the  specimen  to  collect  strain  data.  Applications 
of  the  test  types  are  listed  in  Table  11. 

Early  teste  were  conducted  on  a  conventional  hydraulio  tensile  testing  machine  equipped 
with  a  retort  to  encapsulate  the  specimen  and  grips  in  argon,  and  a  clamshell  furnace  to  heat  the 
retort  and  specimen  within.  The  specimen  (Figure  20a)  was  installed  on  the  gripe  and 
instrumented  with  thermocouples.  The  assembly  was  installed  in  the  retort,  which  was  then 
purged  with  argon  for  80  minutes.  Then  the  retort  was  installed  on  the  tensile  tester  and  heated 
with  a  clamshell  Aimace.  The  specimen  wae  heated  to  ?0S'C  (1300‘F),  held  at  that  temperature 
for  at  least  30  minutes,  and  then  pulled  at  a  crosshead  speed  of  4  inches/minuta,  giving  an  initial 
strain  rate  of  0.06/second.  A  deflectometer  connected  to  the  crosshead  was  usod  to  obtain  strain 
data.  Yield  strength  (0.2  percent),  ultimate  tensile  strength,  percent  elongation  in  2.5  cm 
(specimens  were  soribed),  and  peroent  reduction  in  area  were  reported. 


Later  tensile  teats  were  conducted  on  an  MTS  servohydraulio  programmable  tensile  tester, 
equipped  with  an  extensometer-capabla  retort  to  facilitate  collection  of  stress-strain  data.  The 
specimen  (Figure  20b),  was  installed  in  the  grips,  LVDT-type  extansometers  were  attached  at  the 
holes  shown  on  Figure  20b,  and  thermocouples  were  attached.  The  assembly  was  inserted  into 
the  retort,  which  was  attached  to  the  MTS  machine  and  purged  10  minutes  with  argon.  Next  the 
retort  was  heated  in  a  clamshell  furnace,  heating  the  specimen  to  the  testing  temperature  of 
540‘C  (1000*F)  or  706*C  (1300'F).  The  specimen  was  held  30  minutes  at  temperature  and  then 
pulled  at  strain  rates  of  either  0.1/second  or  0.0005/second.  Force  and  strain  data  were  collected 
on  an  X-Y  plotter.  Yield  strength  (0.2  percent),  ultimate  tensile  strength,  percent  elongation  in 
1.8  cm  (four  diameters),  and  percent  reduction  in  area  were  reported.  On  occasion,  engineering 
stress-strain  curves  were  plotted. 

Failed  specimens  were  examined  by  optical,  scanning  electron,  and  transmission  electron 
microscopy. 

b.  Creep  Testing 

Borne  of  the  alloys  were  subjected  to  high-stress  oreep  testing  at  705'C  (1300'F)  in  argon. 
Stress  levels  were  equivalent  to  the  elow-strain-rate  proportional  limits  for  the  respective  alloys, 
which  were  determined  through  tensile  testing  sa  above. 
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Tenalle  Spaulmen  (a) 


Streua-Straln  Specimen  (b) 


Figure  SO.  Ttntilt  Specimens  (Dimtntiona  in  mm,  Exotpt  Thrtoda) 

Creep  testa  wan  conducted  on  an  MTS  Mrvohydraulic  programmable  tensile  teeter, 
equ  pped  with  an  extenaometer-capable  retort  to  facilitate  collection  of  itreie-atrain  data.  The 
apecimen  (Figure  20b)  waa  Installed  In  the  gripa,  LVDT-typ#  eitenaometera  ware  attached  at  the 
holaa  ahown  in  Figure  20b,  and  thermooouplea  ware  attached.  The  aaaembly  waa  inserted  into  the 
retort,  which  waa  attached  to  the  MTS  machine  and  purged  10  minutee  with  argon.  Next  the 
retort  waa  heated  in  a  clamshell  furnace,  heating  the  apecimen  to  706*C  (1300’F).  The  apecimen 
was  held  30  minutes  at  temperature  and  then  pulled  at  a  strain  rate  of  0.1/second  to  the  creep 
teat  load.  Load  waa  than  held  constant  until  tbe  specimen  failed  or  the  eztensometry  bottomed 
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out.  Tim*  and  attain  data  were  collected  on  an  X-Y  plotter.  Percent  creep  veraua-time  plota  were 
made.  Time  to  failure,  percent  elongation  in  0.75  inohee  (apecimene  war*  lightly  punched),  and 
percent  reduction  in  area  were  alao  reported.  Failed  apeelmena  were  examined  by  optical 
mieroeeopy. 

e.  Thermal  Conductivity  Tatting 

Thermal  conductivity  charaeterlaation  wu  performed  by  the  Purdue  Univaraity  Thermo* 
phyaical  Propertiea  Laboratoriea.  Conductivitlea  were  meuured  Indirectly,  by  way  of  flaah 
thermal  diffuaivity,  apecific  heat,  and  bulk  denalty.  Conductivitlea  were  determined  at  21, 00, 100, 
200,  300,  400,  500,  and  600‘C,  (70,  210,  300,  570,  750,  030,  1110,  and  1290'F). 

Thermal  difAiaivity  waa  meuured  ualng  a  pulaed  Korad  K2  later.  A  ipecimen  13  mm 
(0.5*lnch)  In  diameter  by  6.4  mm  (0.25*inch)  thick  wu  placed  in  a  email  reaiatance  furnace  lnaide 
a  vacuum  ohamber.  A  pulaed  luer  wu  aimed  through  a  glut  port  of  the  vacuum  chamber  at  the 
front  aide  of  the  apooimen.  The  ohamber  wu  evacuated.  The  aampie  wu  then  heated  to  the  teat 
temperature,  allowed  to  atablllu  for  5  minutea,  and  expo  ted  to  a  later  pulie.  A  thermocouple  or 
infrared  detector  wu  uaed  to  meuure  the  roar  face  temperature  rite  after  the  later  pulae.  From 
thla,  the  diffuaivity  wu  calculated  by  the  controlling  minicomputer. 

Specific  heat  wu  meuured  at  Purdue  ualng  a  Perkln-Elmer  doped  eilicon  carbide  (DSC)*2 
differential  acanning  calorimeter  with  a  aapphlre  reference.  Specimena  meuured  6.4  mm 
(0.25-inch)  diameter  by  1.2  mm  (0.5*inch)  thiok.  Specific  heata  were  plotted  u  a  function  of 
temperature  from  22'C  to  700*C  (70*F  to  1290'F). 

Denalty  wu  meuured  at  PAW,  ualng  the  buoyancy  method.  The  aampie  wu  weighed. 
Then  It  wu  hung  on  a  wire  from  a  acale  and  weighed  in  water.  Then  the  wire  without  the  umple 
wu  weighed  in  water  (Immeraed  to  the  aame  depth  u  with  the  aampie).  The  denalty  wu 
calculated: 

d--r=F»r 

where:  d  »  denalty 

a  -  dry  aampie 

b  -  weight  of  aampie  and  wire  in  water 
w  ■  weight  of  wire  in  water 

Thermal  conductivity  wu  calculated  for  each  temperature  ualng: 

X  -  acpd 

where:  X  «  thermal  conductivity 
a  ■  thermal  diffuaivity 
c.  *  apecific  hut 
a  ■  denalty 

d.  Low-Cycle  Fatigue  Teetlng 

Low-cycle  fatigue  teating  wu  conducted  in  atrain  control,  in  argon,  at  706'C  (1300*F)  at 
0.75  to  3  percent  total  atrain  rangei,  at  atrain  ratea  of  0.0075  to  Q.OS/aecond,  in  contlnuoua 
cycling,  uaing  a  triangular  waveform,  with  aero  mean  atrain.  Teating  wu  conducted  at  PAW  in  a 
apeclal  environmentally  controlled  LGF  rig. 


36 


The  rig  used  U  shown  in  Figure  21,  The  teit  mechanism  consisted  of  a  conventional 
hydraulic  stroke  apparatus  connected  through  seals  to  the  specimen  grips  inside  a  pressure 
vessel.  Also  inside  the  vessel  were  a  removable  fixed  upper  grip,  a  resistance  furnace,  clamp-on 
LVDT-type  extensometers,  and  specimen  thermocouples.  The  test  apparatus  was  controlled  by 
an  MTS  servohydraulic  machine  controller.  The  test  cycle  was  generated  by  a  sawtooth 
waveform  generator.  Throughout  the  test,  tensile  loads,  compressive  loads,  and  cyclio  strains 
were  plotted  on  a  two-pen  strip  chart  reoorder.  Periodically,  cycling  was  slowed  down  and 
hysteresis  loops  (stress-strain)  were  plotted. 


Several  specimens  were  used  for  LCF  testing.  They  are  shown  in  Figure  22.  The  tests 
performed  and  specimens  used  are  listed  in  Table  12.  Testing  procedure  waa  as  follows: 

1.  Ths  speoimen  was  installed  in  the  grips  and  extensometer,  the  assembly 
was  installed  in  the  rig,  covered  with  the  furnace,  and  topped  with  the  end 
plate  to  anchor  the  top  grip.  Thermocouple,  LVDT,  furnace,  and  water 
cooling  leads  were  connected.  The  pressure  vessel  cover  was  attached. 

2.  The  vessel  was  evacuated  and  refilled  with  argon  three  times,  then  filled  to 
the  specified  pressure,  which  was  maintained  throughout  the  remainder  of 
the  test. 

3.  The  furnace  was  turned  on  and  allowed  to  stabilise  at  the  specified 
temperature  for  0.5  hour  after  everything  reached  705’C  (1300*F). 

4.  The  control  system  was  programmed.  Testing  began  with  slow  0.17  Hz 
cycling  of  the  first  4  to  6  cycles  until  stresses  had  stabilized  and  smooth 
operation  was  confirmed.  The  strain  rate  was  increased  to  the  specified 
level  and  cycling  continued.  Periodically  (20  to  100  cycles,  depending  on 
strain  range),  the  cyclic  frequency  was  slowed  manually  and  hysteresis 
stress-strain  loops  were  plotted. 

6.  When  the  logarithmic  plot  of  cyclic  load  versus  cycles  deviated  by 
20  percent  from  linearity,  cycling  was  terminated  and  the  furnace  turned 
off.  When  cool,  the  apparatus  was  disassembled  and  the  specimen  removed. 

Evaluation  of  failed  LCF  specimens  was  by  optical  and  scanning  electron  microscopy. 

6.  KVALUATION  MITHOOS 
a.  Optical  Microscopy 

Bulk  specimens  for  optical  microscopy  were  sectioned  and  mounted  in  bakelite  or  poxy. 
They  were  ground  on  silicon  carbide  paper  (down  to  600  grit),  polished  with  6-  uud  1-micron 
diamond,  and  final  polished  on  a  Syntron  vibratory  machine  with  a  water  —  0.05-mlcron 
alumina  slurry  for  one  half  hour.  Poiiahed  samples  were  etched  with  a  fresh  solution  of 
42  percant  ammonium  hydroxide/16  percent  hydrogen  peroxide  (3  percent  strength)  —  42 
percent  water  (all  volume  percent),  then  rinsed  with  water.  Any  smut  that  formed  waa  gently 
wiped  off  the  wet  mount  with  a  wet  cotton  bail  Samples  were  dried  with  compressed  air. 
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Test  Rig 


Figure  22.  Collared  LCF  Specimens  ( Dimensions  in  mm,  Except  Threads) 

Powder  epecimeni  were  mounted  in  epoxy.  About  4  grtme  of  the  powder  wee  poured  into  a 
6-mm-(l/4-inch)-ID  polyethylene  teet  tube,  followed  by  eome  mixed  epoxy  mounting  compound. 
The  powder  and  epoxy  were  mixed  in  the  tube  with  a  long  thin  etlck.  Then  the  teet  tube  wee 
centrifuged  for  10  minutee  and  removed.  After  the  epoxy  had  cured,  the  eample  wae  tapped  out  of 
the  mount.  The  clear  top  portion  wae  cut  off,  and  the  powder  eample  was  ground  longitudinally 
through  800-grit  SiC  paper.  The  eample  wae  then  very  careftilly  polished  with  1 -micron  diamond 
paste  and  etched. 
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TABLE  12. 


LOW-CYCLE  FATIGUE  TESTS  PERFORMED 


Alto 

Condition 

Seteimtn 

3% 

Strain  Ranttt 

1.6 %  0.76 ft 

NASA-Z 

As-received 

17710-A 

2 

2 

tw 

CWCAR-1 

16150 

2 

m 

CWCAR-3 

17710-A 

1 

1 

996 

AB 

16150 

3 

1  1 

996 

AS 

17710-A 

1 

1 

996 

HWSA 

17710-A 

1 

2 

toss 

BO 

17710-A 

1 

2 

1035 

AB 

1 

2 

Optical  evaluation  of  hot-vacuum-eompacted  powder  aamplaa  for  contamination  waa 
conduotad  at  100X  magnification  on  an  atchad  surface,  Rateable  incluelona  ware  defined  aa  thoae 
exhibiting  an  area  at  100X  magnification  equivalent  to  that  of  a  3-mm-(l/8-lnch)-diameter 
circle.  Metallic  and  non-metallic-appearing  lnclualona  were  oounted  separately  and  normalised  to 
give  the  number  of  inclusions  per  square  inch. 

b.  Scanning  Electron  Microscopy  and  Electron  Microprobe 

Soannlng  electron  mioroscopy  waa  conducted  ueing  ETEG  Autoecan  and  Amray  scanning 
electron  microecopes  (SBMs),  and  a  JEOL  733  Superprobe  mioroprobe.  Specimen  preparation 
wae  as  above,  except  for  test  specimen  fractures,  which  were  examined  aa-ie  or  with  an  ethanol 
ultrasonic  cleaning.  Both  secondary  electron  and  baokscattared  electron  image  modes  were  used. 
When  needed,  specimens  were  sputtered  with  gold  (primarily  powder  specimens).  Electron 
microprobe  analyses  were  performed  in  a  JEOL  733  Superprobe.  Both  wave-dispersive  and 
energy-diaperaive  systems  were  used. 

o.  Transmission  Electron  Microscopy 

Carbon  extraction  replicas  were  obtained  from  heavily  etched  samples  prepared  aa 
described  above.  Acetone  and  acetyl  cellulose  replica  tape  were  applied,  allowed  to  dry,  and  then 
peeled  off.  The  replica  surface  was  coated  with  cnrbon,  and  then  shadowed  with  chromium,  in  a 
Denton  vacuum  evaporator.  The  replica  was  trimmed  and  placed  on  a  grid.  The  tape  was 
dissolved  in  hot  refluxed  acetone  and  then  the  replica  was  dried. 

Foil  specimens  were  prepared  from  0,5-mm-(0.020-inch)-thick  slices  cut  with  a  low-speed 
diamond  saw.  The  slices  were  ground  to  0.15-mm-(0.006-inch)-thiok  on  600-grit  silicon  carbide 
SIC  paper,  then  punched  out  into  3-mm  disks.  The  disks  were  jet  thinned  in  a  South  Bay 
Technology  jet  thinner  using  an  electrolyte  of  20  percent  nitric  acid  in  ethanol,  at  ~lfi‘C. 

Consolidated  MIT  flake  material  (Appendix  2)  was  thinned  for  transmission  eleotron 
microscopy  (TEM)  by  ion  milling  jet-polished  disks  in  a  Gatan  Dual-Beam  Ion  Mill.  Two  beams 
wore  used,  at  20-degree  Incidence:  each  beam  was  set  to  yield  a  6  kV  gun  voltage,  a  0.6  mA 
current,  and  a  27-microamp  specimen  current.  Vacuum  was  at  7X10"7  millltorr. 

Replica  and  foil  specimens  were  evaluated  in  a  Philips  EM  400  scanning  transmission 
electron  microscope  (STEM). 
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d.  Hardnot  Testing 


Microhardness  wu  determined  using  Zwick  and  Clark  DMH2  teeters  with  pyramidical 
indanters  and  using  loads  of  10  to  1000  g.  Diamond  pyramid  hardness  numbers  resulted.  Samples 
were  mounted  in  epoxy. 

Rockwell  hardnesses  were  determined  using  a  Wilson  Rockwell  Hardness  Tester  on  the  B 
and  F  scales.  Most  samples  were  mounted  in  epoxy.  Rockwell  hardnesses  were  converted  to 
diamond  pyramid  hardnesses  using  the  chart  for  copper  alloya  found  in  Reference  15. 

a.  X-Ray  Dlffraotion  Analysts 

Lattice  parameter  and  phase  Identification  studies  were  performed  on  a  Philips  horizontal 
diffractometer  with  a  curved  graphite  monochromator.  Copper  and  cobalt  x-ray  tubes  were  used. 

f.  Chemical  Analyses 

Bulk  chemical  analyses  were  performed  using  electron  microprobe  techniques  (above)  and 
an  inductively  coupled  plasma  atomic  emission  spectrophotometer  (ICP-AES).  1CP-ABS 
analyses  were  performed  on  NASA-Z,  Amzirc,  and  Alloys  992  through  999,  using  milled  ohips  for 
the  first  two  and  atomized  powder  for  the  rest.  Tne  alloys  and  appropriate  standard  elementale 
were  dissolved  in  nitrio  acid  (0.15  gram  alloy  in  20  ml  concentrated  acid,  then  diluted  to  1000  ml). 
Silicon  was  dissolved  by  adding  a  bit  of  Hf.  The  solutions  were  analyzed  in  an  ISA  JY38 
ICP-AES.  Wavelengths  used  were  as  follows. 


Elements 

Ag 

Zr 

Hf 

Si 

A1 


Wavelengths  (nm) 

328.088,  338.316 
339.224,  343.850 
284.146,  273.884 
251.626,  288.176 
394.436,  366.182 


Oxygen  analyses  were  performed  on  NASA-Z  and  Alloys  992  through  999,  using  a  Leco 
TC36  Nitrogen-Oxygen  Determinator  with  0.5-gram  samples. 

A  carbon  analysis  was  performed  on  Alloy  969  using  a  Leco  CS46  Carbon/Sulfur 
Determinator.  Hydrogen  analyses  were  performed  on  the  MIT  materials  using  a  Leco  RHl 
Hydrogen  Determinator. 

Analyses  of  Alloy  992  and  993  powder  water  content  were  performed  by  measuring  the 
weight  loss  of  drying  powder  in  a  Dupont  951  Thermogravimetric  Analyzer,  under  helium. 
Sample  sixes  of  about  50  mg  were  heated  to  550*C  at  5*C/minute. 

Oil  analyses  were  performed  on  Alloys  992  through  999.  A  50-gram  powder  sample  was 
washed  three  times  in  30  ml  of  freon  for  ester  oils,  or  carbon  tetrachloride  for  mineral  oils.  The 
solvent  was  then  evaporated  to  25  ml  and  analyzed  in  an  infrared  spectrometer  at  wavelengths  of 
3200  to  2800  cm'1  for  ester  oils  and  1800  to  1650  cm'1  for  mineral  oils.  The  results  were  compared 
to  those  of  standard  solutions. 
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SECTION  III 
ALLOY  SCREENING 


The  alloy  screening  study  was  undertaken  to  evaluate  the  potential  of  a  targe  number  of 
alloy  systems.  Alloys  were  chosen  from  several  families  of  systems. 

The  first  types  were  those  that  form  elemental  and  copper-x  precipitates  from  solution  in 
copper,  such  as  Cr,  CugZr,  Ag,  Nb,  and  othera  having  low  solid  solubility  in  copper.  These  alloys 
were  formulated  at  concentrations  that  straddled  the  solid  solubility  limits  of  the  constituents  in 
copper.  The  dilute  alloys  were  intended  to  be  fully  solutionable  and  used  for  age-hardening 
studies.  The  concentrated  alloys  were  intended  for  studies  of  the  offsets  of  rapid  solidification,  in 
whioh  case  the  excess  insoluble  constituents  would  form  dispersions  of  primary  precipitates  that 
might  be  fine  enough  to  contribute  to  strengthening  and  stabilization  of  the  microstructure  at 
elevated  temperatures. 

The  second  class  of  alloys  were  formulated  to  produce  precipitates  or  dispersions  of  stable 
copper-free  interaetallic  compounds.  Compounds  were  chosen  that  either  had  high  melting 
points  (and  thus  might  be  stable),  or  were  cubic  and  had  lattice  parameters  not  very  different 
from  that  of  copper  (and  thus  might  resist  coarsening  at  high  temperatures).  Alloys  were 
formulated  to  produce  about  2  volume  percent  of  these  compounds.  The  constituents  were  not 
necessarily  of  low  solubility;  it  was  believed  that  if  stable  enough  in  copper,  the  compounds  might 
form  rather  thsui  dissolve  in  copper. 

The  third  type  of  alloys  were  formulated  to  produce  dispersions  of  metal-borides  upon 
solidification  (the  metal  not  being  copper).  High-melting-point  borides  were  preferred.  Generally, 
borides  of  metals  having  low  solid  solubilities  in  copper  were  preferred,  so  that  any  excess  of 
boride  former  elements  (due  to  boron  losses)  would  precipitate  rather  than  remain  in  solid 
solution  and  adversely  affect  conductivity.  However,  some  high-solubility  boride  formers,  such  as 
titanium,  were  evaluated  in  the  belief  that  if  effective,  ways  could  be  found  to  adjust  melting 
practices  to  compensate  for  boron  losses  and  maintain  high  conductivity.  Usually,  alloys  were 
formulated  to  produce  about  2  volume  percent  of  borides.  Alloys  were  formulated  with 
stoichiometric  amounts  of  boron  and  the  reactive  metal,  and  sometimes  also  formulated  with 
exoesa  or  insufficient  boron  to  assess  off-stoichiometric  effects  (which  were  found  to  be 
significant  on  earlier  Fe-Al  +  TIB,  alloy  programs  (16)).  Alloys  were  evaluated  in  the 
conventionally  out  +  processed  and  the  rapidly  solidified  »  processed  conditions. 

Another  clau  of  alloys  wu  formulated  to  produce  dispersions  or  precipitates  of  copper-free 
silicidse.  Silicldea  have  found  use  in  other  alloy  systems  u  strengthen#™  and  minrostructural 
stabilisers.  High-melting-point  silicides  composed  of  copper-soluble  elements  were  chosen  for 
theae  studies.  Silioida  concentrations  were  set  at  2  volume  percent. 

All  of  the  screening  alloys  were  melted  under  argon  in  a  xyster-cooled  arc-melting  device, 
using  a  tungsten  electrode.  Buttons  were  turned  over  and  remelted  at  least  once  to  promote 
homogeneity.  Subsequent  processing  wu  tailored  to  allow  evaluation  of  age-hardenability, 
recrystallisation  resistance,  and  adaptability  to  rapid  solidification  processing. 

• 

Rapidly  solidified  samples  were  prepared  by  passing  an  electron  beam  across  button 
selections.  This  had  been  used  successfully  in  the  put  to  develop  structures  similar  to  rapid- 
colidificatlon-rate  (RSR)  powder.  It  is  superior  to  melt  spinning  because  it  produces  a 
consolidated  sample  upon  a  substrate  that  can  be  worked  conveniently,  whereu  ribbons  must 
first  be  consolidated.  This  working  step  wu  considered  important,  since  some  rapidly  solidified 
structures  become  thermally  unstable  if  deformed.  Since  rapidly  solidified  copper  alloys 
presumably  would  be  hot-consolidated  to  make  hardware,  structural  stability  under  some 
regimen  of  hot  strain  wu  important. 
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Not  all  of  the  screening  alloys  were  electron-beam  processed.  Only  those  that  were  expected 
to  form  insoluble  dispersions  were  considered  for  rapid  solidification.  Of  those,  some  were  not 
processed  because  conventional  processing  showed  that  the  aging  precipitates  had  little 
hardening  effect:  thus,  primary  precipitate  dispersions  would  be  no  more  beneficial. 

Initial  trials  showed  that  rapidly  solidified  electron-beam  passes  in  copper-zirconium  alloys 
produced  structures  finer  than  those  found  in  atomized  copper-zirconium  alloys  produced  prior 
to  this  program.  This  validation  served  as  the  basis  for  subsequent  electron-beam  processing  of 
screening  alloys. 

Electron-beum-processed  structures  were  much  finer  than  as-cast  structures  (Figure  23).  As 
a  result,  detection  of  recrystallization  in  electron-beam-processed  zones  was  sometimes  difficult. 
Recrystallization  was  not  discussed  in  euch  cases  in  the  following  narrative. 

1.  FIRST-ITERATION  SCREENING  RESULTS 

One  m«jor  iteration  of  screening  alloys  (CB  1  -  37)  was  evaluated  prior  to  the  selection  of 
compositions  for  the  first  atomization  campaign.  The  alloy  ayst cms  examined  were  based  on  the 
most  promising  systems  described  in  the  literature  survey:  copper-zirconium,  copper-chromium, 
copper-silver,  copper-hafnium,  and  copper-metal  diboride. 

a.  Copper-ZIreonlum 

The  copper-zirconium  system  was  chosen  because  it  has  served  as  the  basis  of  zirconium 
copper  (0.16  percent  ziroonium),  one  of  the  most  softening-resistant  commercial  high-conductivi¬ 
ty  copper  alloys  available.  In  addition,  the  system  served  as  a  basis  of  sorts  for  NASA-Z  and 
NARloy-Z". 

Three  concentration  levels  of  zirconium  were  studied:  0.2  percent,  0.4  percent,  and 
1.0  percent.  None  exhibited  significant  hardness  or  microetructural  change  when  aged  at  370  to 
606*C  (700  to  1200*F)  or  annealed  at  650*C  (1200'F)  after  solution  treatment.  This  was 
expected.  When  processed  by  solution  treatment  +  40  percent  cold  rolling,  subsequent  aging  at 
370'C  (700*F)  and  4B0‘C  (900’F)  produced  Insignificant  changes  in  hardness  or  microstructure. 
However,  aging  at  650*C  or  annealing  at  650*C  after  any  aging  cycle  resulted  in  complete 
recrystallization  and  softening.  In  conventionally  processed  material,  varying  zirconium 
concentration  only  affected  grain  size,  reducing  grain  size  with  increasing  concentration. 

Significant  rapid  solidification  and  concentration  effects  were  observed  in  the  supersaturat¬ 
ed  copper-zirconium  alloys.  As-solidified  samples  exhibited  higher  hardnesses  than  conventional 
cast  and  solutioned  materials.  Ir,  addition,  annealed  hardnesses  were  higher  for  the  rapidly 
solidified  +  cold-worked  conditions  than  for  the  cast  +  solutioned  4  cold-worked  4  aged 
conditions.  Hardnesses  were  higher  for  the  rapid-solidification-processed  Cu-1.0%Zr  alloy  than 
for  the  Cu-0.4%Zr  alloy. 

The  rapid-solidification-processed  copper-zirconium  materials  exhibited  finer  microstruc¬ 
tures  than  the  conventionally  processed  materials  (Figure  24);  both  as-solidified  and  after 
additional  processing.  Whereas  conventionally  processed  supersaturated  alloys  exhibited  pri¬ 
mary  precipitates  of  about  8  pm  (80,000  A),  the  rapidly  solidified  primary  precipitates  were  on 
the  order  of  1,000  to  6,000  A.  Some  primary  precipitates  or  dispersions  in  cold-worked  4 
annealed  rapidly  solidified  copper-zirconium  material  are  shown  in  Figure  25. 
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Cu-U%Hf(CB-35):  Optical 


5^  1H 

Figure  25.  Precipitates  and  Primary  Dispersions  in  Electron-Beam-Processed  +  Cold- 
Worked  +  Overaged  Cu- 1 ,()%Zr  (CB-7)  Alloy  (TEM  Replica) 
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X-ray  diffraction  studies  aupportad  tha  finding*  of  Phillips  (17)  that  the  precipitate  in  this 
system  was  a  face-centered  cubic  (FCC)  CusZr  compound.  In  the  present  study,  a  lattice 
parameter  Of  6.86  A  was  measured  for  this  compound. 

Generally,  studies  demonstrated  the  ability  of  rapid  solidification  to  disperse  excess 
zirconium  in  copper-zirconium  alloys,  resulting  in  harder  and  somewhat  more  stable  structures 
than  those  obtainable  by  conventional  processing.  However,  Cu.Zr  dispersions  in  processed 
electron-beam  welds  were  coarser  than  desired:  1,000  to  S,000  A,  versus  the  200  to  600  A 
generally  accepted  as  necessary  for  strengthening. 

b.  Copper-Chromium 

Several  copper-chromium  alloys  were  studied  in  the  first  screening  iteration.  Later, 
additional  alloys  (CB  43-46)  were  studied  for  confirmation  because  of  possible  elemental  losses  in 
the  earlier  alloys.  The  results  of  both  sets  of  alloys  generally  agreed  and  are  combined  here. 

Copper-chromium  alloys  were  processed  similarly  to  the  copper-zirconium  alloys.  When 
solutioned,  these  alloys  age-hardened  significantly  at  480*C  (900'F).  When  solutioned  +  cold 
worked,  subsequent  aging  at  480 'C  produced  slight  hardening,  but  aging  or  annealing  at  850*C 
(1200‘F)  recrystallizad  the  alloys.  Only  the  0.2  percent  chromium  alloy  recrystallized  (partially) 
at  480'C.  Grain  size  was  finest  in  the  1  percent  alloy. 

Unlike  with  the  copper-zirconium  alloys,  electron-beam  processing  of  copper-chromium 
alloys  resulted  in  no  hardness  Increase.  But,  the  cold-worked  electron-beam-processed  material 
did  not  recrystallize  when  annealed  at  660'C.  The  rapidly  solidified  (eleotron-beam-processed) 
structures  were  much  finer  than  the  conventional  structures.  However,  the  dispersions 
(chromium)  in  the  rapidly  solidified  materials  were  corner  than  desired:  1,000  to  6,000  A 
(Figure  26). 


Copper-chromium  alloys  were  found  to  be  highly  age-hardenable  in  the  solutioned 
condition,  but  only  slightly  ags-hardenable  after  oold  working.  Rapid  solidification  processing 
greatly  increased  the  recrystallization  resistance,  but  not  the  hardiess,  of  these  alloys.  As  with 
the  copper-zirconium  system,  rspid  solidification  dispersions  were  coarser  than  desired, 
indicating  that  chromium  was  not  sufficiently  stable  for  use  as  a  high-temperature  dispersion  in 
copper. 

e.  Copper-Silver 

The  copper-silver  system  was  evaluated  because  it  served  as  the  basis  for  NA9A-Z  and 
NARloy-Z";  large  amounts  of  silver  can  be  added  to  copper  without  significantly  lowering 
conductivity;  and  silver  should  impart  precipitation  hardenabillty.  One  to  6  percent  silver  was 
added,  the  higher  concentrations  allowing  precipitation  reactions.  The  alloys  were  only  processed 
conventionally,  since  excessively  high  concentrations  were  needed  to  reach  supersaturation 
levels. 

The  alloys  age-hardened  only  slightly.  Annealing  solutioned  -I-  age -hardened  material  did 
not  appreciably  change  hardness  or  microstructure.  When  cold-worked,  subsequent  aging  or 
annealing  at  480'C  (900'F)  or  above  resulted  in  recrystallization  and  softening. 


46 


1  pm 


Figure  26.  Dispersions  or  Precipitates  in  Electron-Beam  +  Cold-Worked  +  Annealed 
Cu-1.0%Cr  (CB-23):  TEM  Replica 

Precipitation  in  the  3  percent  and  S  percent  silver  alloys  was  discontinuous,  inward  from 
the  grain  boundaries,  as  noted  in  the  literature  (18, 19, 20).  This  was  most  pronounced  at  higher 
aging  temperatures,  and  is  shown  in  Figure  27.  Grain  size  decreased  with  increasing  silver 
concentration  up  to  1  percent. 

These  results  suggested  that  binary  copper-silver  alloys  would  not  have  promise  because  of 
their  low  ago-hardenabillty  and  tendency  toward  discontinuous  precipitation. 

d.  Copper-Hafnium 

Sevoral  literature  citations  suggested  that  the  copper-hafnium  system  could  have  promise 
as  a  base  for  a  thrust  chamber  alloy  (21).  Thus,  copper-hafnium  compositions  on  both  sides  of 
the  solubility  limit  were  evaluated  (CB  34,  35).  The  alloys  were  expected  to  form  CusHf 
precipitates  or  dispersions. 

Aging  of  these  alloys  produced  slight  hardening.  When  solutioned  4-  cold-worked,  these 
alloys  recryatallized  only  when  exposed  to  850*C  (1200‘F)  (where  they  fully  softened). 
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Figure  27.  Dieeontinuoui  Precipitation  in  a  Cu-S%Ag  AUoy  (CB-3,  Solutioned  Aged): 

SEM 

Electron-beam  pumi  significantly  refined  the  mtcroetruoturee  (Figure  23)  end  hardened 
the  materials  somewhat.  The  electron-beam-processed  4-  cold-worlced  condition  racrystallized  at 
SSO'C.  Dlipereiona  up  to  4,000  A  in  size  were  formed,  after  annealing. 

The  copper- hafnium  alloys  were  not  eigniflcantly  harder  or  more  stable  than  copper- 
zirconium  alloys.  They  responded  to  rapid  solidification,  but  recrystallization  resistance  was  not 
improved.  Age-hardening  was  not  as  great  as  expected. 

e.  Copper-ZIroonium-Sitvar 

Interest  in  this  system  was  based  on  the  accepted  use  of  NARloy-Z”  and  NASA-Z 
(Cu-398Ag-0.6%Zr)  and  on  the  potential  of  combining  the  benefits  of  zirconium  and  silver 
additions.  Two  alloys,  Cu-3%Ag-0.5%Zr  and  Cu-l,5%Ag-0.2%Zr,  were  made.  The  former  was 
chosen  because  It  is  the  same  as  NARloy-Z  and  NASA-Z;  the  high  zirconium  level  should 
produce  an  insoluble  dispersion  upon  rapid  solidification;  the  silver  might  allow  precipitation 
hardening.  The  latter  composition  was  chosen  because  it  seemed  sensible  to  lower  silver 
concentration  to  avoid  any  chance  of  discontinuous  precipitation  (seen  in  the  binary  copper- 
silver  alloys),  and  to  determine  the  need  for  the  high  zirconium  level  in  the  conventionally 
processed  form  of  the  alloy. 


After  solutioning,  both  alloys  exhibited  some  age-hardenability,  with  the  NASA-Z 
composition  hardening  more  (Table  13).  Only  660‘C  (1200*F)  aging  or  annealing  recrystallized 
(and  softened)  the  solutioned  4-  cold-worked  (4-  aged)  alloys. 
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TABLE  13.  —  HARDNESSES  OF  SCREENING  ALLOYS  (DPH  HARDNESS)  (CO] 
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TABLE  13.  —  HARDNESSES  OF  SCREENING  ALLOYS  (DPH  HARDNESS)  (CO 
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Electron -beam  peases  on  CB  4  (NASA-Z)  refined  and  hardened  the  structure,  compared  to 
as-cast  material  (Figure  28).  When  cold-worked  +  annealed,  the  rapidly  solidified  material 
softened,  but  still  exhibited  finer  microstructure  and  higher  hardnesses  than  the  cold-worked  + 
annealed  conventionally  processed  version.  Dispersions  in  the  rapidly  solidified  NASA-Z  were 
similar  in  sixe  to  those  seen  in  the  rapidly  solidified  copper-zirconium  alloys:  1,000  to  5,000  A 
(Figure  29). 


10  nm 


Figure  28.  Microstructure  of  Electron-Beam  Pass  in  Cu-3.0%Ag-0.!!>%Zr  Alky  (CB-4): 
Optical 


The  precipitates  or  dispersions  found  in  the  NASA-Z  composition  were  silver  and 
(Cu,  Ag)sZr,  Scanning  Transmission  Electron  Microscope  (STEM)  analyses  reported  composi¬ 
tions  of  Cu-16at,%Zr-7at,%Ag  for  the  ternary  compounds,  similar  to  reported  values  (2,22).  X- 
ray  diffraction  studies  identified  a  silver  phase  and  a  phase  almost  identical  in  structure  to  Cu^Zr 
(presumably  the  ternary  Cu-Ag-Zr  phase),  This  latter  phase  was  almost  face-centered  cubic 
(FCC)  (S-8.92A),  with  double  peaks  near  locations  for  some  FCC  CufiZr  peaks,  This  would 
suggest  slight  tetragonality  for  the  ternary  phase,  agrooing  somewhat  with  other  investigations 
(22). 


Notable  in  the  high-concentration  alloy  (NASA-Z)  was  the  absence  of  discontinuous  silver 
precipitation,  possibly  an  ot'foct  of  the  zirconium  addition.  Howovcr,  Blight  precipitate-free  zonos 
were  observed  at  grain  boundaries  after  aging. 
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Figure  29 .  Precipitates  and  Dispersions  in  Cu-3,0%Ag-0,5%Zr  After  Electron-Beam 
Processing  +  Cold'- Working  +  Annealing  (CB-4):  TEM  Replica 

Higher  concentrations  of  zirconium  and  silver  refined  grain  size  in  conventionally' 
processed  forms.  Some  abnormal  grain  growth  was  observed  in  the  dilute  alloy;  none  was 
observed  in  the  NASA-Z  button. 

Rapid-solidification  processing  was  found  to  refine  and  harden  copper-zirconium-silver 
alloys.  The  age  hardenabilities  of  the  alloys  were  not  great,  and  they  recrystallized  easily  at 
660*C  (1200*F).  Therefore,  their  superiority  to  copper-zirconium  alloys  was  not  obvious. 

f.  Coppar-ZIrconlum-Chromlum 

The  copper-zirconium-chromium  system  has  been  noted  in  the  literature  as  having  superior 
temperature  resistance  and  as  being  very  age-hardenable  (23,  24,  25).  Several  compositions  were 
investigated:  two  in  the  first  iteration  (CB  22  and  25)  and  five  in  the  second  iteration  (CB  46,  47, 
48,  64,  65)  for  confirmation  (chromium  losses  were  suspected  in  the  first  lot;  all  are  discussed 
here).  The  alloys  were  formulated  to  straddle  the  solubility  limits  of  the  copper-zirconium  and 
copper-chromium  binary  systems  (0.15  percent  zirconium  and  0.65  percent  chromium  (26,  27)), 
in  various  combinations. 

Conventionally  processed  solutioned  alloys  were  found  to  be  age-hardenable,  increasing  on 
average  from  diamond  pyramid  hardness  (DPH)  65  to  DPH  85  (Table  13).  The  cold-worked 
forms  age-hardened  only  slightly.  More  significant,  however,  was  the  tendency  for  these  alloys  to 
resist  recrystallization  at  650’C  (1200'F)  after  solution  +■  cold  work  f  age.  Only  partial 
recrystallization  and  softening  was  observed,  especially  for  the  second-iteration  lot  of  alloys. 
Stoichiometric  effects  (Zr:Cr  ratio)  were  not  significant. 
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Rapidly  aolidified  copper-zirconium-chromium  alloys  also  only  partially  softened  when 
annealed  at  660'C  after  cold  work.  However,  this  softening  resistance  was  observed  only  with  the 
second  lot  of  alloys.  Rapidly  solidified  forms  were  harder  than  comparable  conventionally 
processed  forms. 

As  with  the  other  alloy  systems,  rapid  solidification  refined  the  structures  of  these  alloys 
(Figure  30).  Dispersions  formed  by  rapid-solidification  processing  of  copper-zirconium-chromium 
alloys  were  coarser  than  desired:  1000  to  5000  A  (Figure  31).  Precipitates  and  dispersions  formed 
in  the  alloys  were  identified  as  chromium  and  possibly  the  Cu4Zr  compound.  No  Cr2Zr  was  found. 
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Figure  30.  Microstructure  of  Electron-Beam  Pass  in  Cu-0.8%Zr-1.0%Cr  Alloy  (CB-22); 

Optical 

The  copper-zirconium-chromium  alloys  were  found  to  be  very  resistant  to  recrystallization 
and  softening,  but  not  as  age-hardenable  as  expected.  As  with  the  copper-zirconium  and  copper- 
chromium  systems,  the  dispersions  were  coarser  than  desired.  Tho  CraZr  phase,  which  has  a  high 
melting  point  and  might  have  been  more  stable  than  Cr  or  Cu5Zr,  did  not  form  in  these  alloys. 
Nevertheless,  these  alloys  did  exhibit  high  hardness  and  recrystallization  resistance,  making  the 
system  a  candidate  for  further  study. 

g.  Coppar-ZIreonlum-Hafnlum 

The  literature  review  revealed  *-V>at  copper-zirconiura-hafnium  alloys  showed  a  potential  for 
a  38*C  (100*F)  increase  in  temperature  capability  over  that  of  zirconium  copper.  Five  copper- 
zirconium-hafnium  compositions  were  made  and  studied  (CB  36,  37,  50-52),  two  in  the  first 
iteration  and  throe  in  the  second  iteration.  Compositions  straddled  the  solubility  limits  of  both 
binary  systems,  0.15%  zirconium  and  0,9%  hafnium  (21). 
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Figure  31.  Dispersions  in  Cu-l.D%Cr-0.5%Zr  (CB-22)  After  Electron-Beam  +  Cold ■  W^k  + 
Anneal  Processing:  TEM  Replica 

The  age  hardenability  expected  from  the  literature  review  wbb  not  realized  with  these 
alloys.  They  were  only  slightly  more  age-hardenable  than  the  copper-zirconium  alloys,  going 
from  DPH  52  to  DPH  58  (CB  36),  Their  resistance  to  recrystallization  waa  about  the  same  aB 
that  of  copper-zirconium  alloys,  After  solution  +  cold  work,  the  alloys  rocrystallized  only  at 
650‘C  (1200*F). 

This  system  did  respond  well  to  rapid  solidification,  The  rapidly  solidified  regions  were 
much  harder  and  finer  in  microstructure  than  the  cast  regions  (Figure  32).  Cold-worked  electron- 
bbhjo  passes  did  not  appear  to  recrystallize  when  annealed  at  650‘C,  and  softened  only  slightly, 
providing  much  better  resistance  than  that  of  the  copper-zirconium  system.  However,  the 
dispersions  were  relatively  coarse, 


The  precipitates  and  dispersions  forming  in  these  alloys  were  found  to  be  about  13at.% 
Hi+Zr-  87&t.%  Cu;  probably  Cu^Zr,  Hf)  (i.e,.  Cu5Zr  with  hafnium  substituting  for  some  of  the 
zirconium). 

h.  Copper  +  Borides 

Pratt  &.  Whitney  has  extensive  experience  in  enhancing  properties  of  iron-aluminidcs 
through  the  additions  of  TiBj  dispersions  by  rapid  solidification,  Such  dispersions  have  been 
about  200  to  LOOO  A  in  size,  depending  on  processing,  and  have  been  very  effective  ii.  stabilizing 
microstructures  at  elevated  temperatures,  Application  of  this  concept  to  copper  alloyB  was 
undertaken  through  the  study  of  TiBj,  HfBj,  ZrB2,  and  mischmetal-B3  (MMB„)  dispersions  in 
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copper.  The  TiB,  composition  was  e  direct  outgrowth  of  the  iron-aluminide  work.  The  HfB,  and 
ZrB,  compounds  were  used  because  of  the  low  solubilities  of  hafnium  end  zirconium  in  copper, 
allowing  retention  of  conductivity  in  the  event  of  boron  losses.  The  MMB(  compound  was  used  to 
evaluate  another  type  of  reactive  metal  boride. 

Boride-containing  buttons  (CB 17  to  20)  were  melted  from  copper,  boron,  and  stoichiomet¬ 
ric  amounts  of  the  appropriate  reactive  elements.  Resulting  microetructures  consisted  of  copper 
matrices  containing  randomly  dispersed  coarse  1  •  S  pm  borides  and,  in  all  cases  but  Cu-TiBa,  a 
third  phase  comprised  of  the  reactive  metal  and  copper  (CutZr,  CusHf,  Cu^MM).  Figure  33. 
(Evidently,  some  boron  was  lost  through  melting.)  The  presence  of  ZrB,,  TIB,,  HfB,,  MMBj,  and 
Cu,MM  was  confirmed  by  x-ray  diffraction. 


Conventional  processing  of  these  alloys  revealed  low  recrystallisation  resistance  (except  in 
alloys  with  an  excess  of  hafnium  or  zirconium).  However,  the  as-cut  boride  dispersions  were  too 
coarse  to  impart  softening  resistance.  The  coarse  MMB,  borides  appeared  very  unstable. 

Rapid-solidification  (electron-bum)  and  subsequent  processing  of  diboride-containing 
alloys  resulted  in  dispersions  such  as  thou  shown  in  Figure  34.  The  boride  dispersions  were 
trlmodal:  a  fine  200  to  800  A  fraction,  a  1000  to  3000  A  fraction,  and  a  very  coaru  1  pm  fraction. 
The  coaru  dispersion  wu  believed  to  be  a  result  of  incomplete  boride  diuolution  during 
electron-bum  processing  (i.e.  borides  left  over  from  buttons).  The  fine  dispersion  wu  believed  to 
demonstrate  the  fundamental  stabilities  of  the  dlborides.  All  diborides  exhibited  eauntially  the 
same  stabilities. 


Hardening  and  stabilizing  effects  of  the  dispersions  were  slight.  The  minimal  effects  were 
attributed  to  the  nonideal  dispersions. 

Efforts  were  made  to  establish  whether  the  coaru  borides  formed  in  the  melt  or  upon 
solidification.  These  efforts  involved  the  use  of  melt  spinning  to  melt  the  alloys  in  a  controlled 
fuhion,  and  to  rapidly  solidify  the  alloys.  Melt  spinning  allowed  melt  temperatures  to  be 
measured  via  an  infrared  thermometer,  whereu  the  arc  melting  and  electron-beam  procesua  did 
not  allow  ruliatio  melt  temperature  determination.  Melt  spinning  wu  believed  to  give 
solidification  rates  u  high  u  powder  atomisation  or  electron-beam  processing.  It  wu  believed 
that  the  preunce  of  very  coaru  borides  in  the  ribbon  would  result  from  solubility  problems 
rather  than  formation  during  solidification,  and  that  variance  of  the  melt  temperature  and  dwell 
time  (more  easily  controlled  in  this  device)  might  yield  dues  to  the  elimination  of  this  problem. 
Sections  of  CB  26  (Cu*0.8%Zr*0.l3%B)  were  melted  in  the  device  and  spun  off  a  copper  disk  in 
the  form  of  ribbon,  using  the  parameters  listed  in  the  procedures  section  (Table  3). 

Evaluation  of  the  ribbons  (Figure  36)  showed  the  existence  of  coaru  borides,  with  little 
dependence  on  varying  melt  temperatures  from  1093*C  to  1650’C  (2000  to  SOOO’F).  The  borides 
appeared  as  coaru  as  thou  sun  in  the  arc-melted  buttons,  and  thus  were  believed  to  hsve 
nucleated  in  the  melt,  It  appeared  that  melt  temperatures  nearer  the  melting  points  of  the 
borides  would  be  necessary  for  their  solution  in  copper. 


Electron-beam  and  melt-spinning  trials  indicated  that  slight  amounts  of  MB2  borides  could 
be  diuolved  in  molten  copper,  be  finely  dispersed  by  rapid  solidification,  and  resist  coaruning  at 
elevated  temperatures.  However,  boride  additions  on  the  order  of  2  volume  percent  would 
nucleate  borides  in  the  melt.  The  only  methods  that  might  avoid  this  problem  were  1)  high  melt 
temperatures  above  1650'C  (3000‘F),  and  2)  late  additions  of  boron  and/or  the  reactive  metal 
immediately  prior  to  rapid  solidification. 
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Figure  33,  Borides  ( Center )  and  Cu-Zr  Intermetallic  Phase  Formed  in  CB-17  Arc  Casting 
(Optical) 

2.  SECOND-ITERATION  SCREENING  RESULTS 

The  second  iteration  of  screening  alloys  had  several  goals:  to  produce  more  homogeneous 
chromium-containing  alloys;  to  find  dispersable  intermetallic  compounds  that,  through  one 
mechanism  or  another,  were  stable  and  finely  dispersed  throughout  processing  and  use;  and  to 
find  borides  that  could  be  finely  dispersed  via  the  RSR  process  and  remain  finely  dispersed 
through  processing  and  use. 

Improvement  of  chromium-containing  button  quality  was  attained  with  better  process 
control  in  a  new  arc-melting  device.  Also,  the  use  of  carefully  prepared  copper-chromium  master 
alloys  (about  15  percent  chromium)  greatly  minimized  chromium  segregation  during  arc  melting. 
These  techniques  were  used  on  the  second-iteration  chromium-containing  alloys  discusser!  in  the 
last  section. 


59 


5  urn 

Fine  Very  Coarse 
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Figure  34.  Fine  and  Coarse  Borides  in  Electron-Beam  Passes 

Two  approaches  were  taken  for  the  application  of  intermetallic  phases  aa  atrengthenera  in 
copper.  One  approach  waa  the  use  of  untried  (or  previously  uncombined)  elements  or  Cu-X 
compounds  that  precipitate  from  solid  or  solidifying  copper,  in  manners  similar  to  those  of 
chromium  and  zirconium.  New  systems  used  additions  of  vanadium,  mischmetal,  yttrium, 
titanium,  and  niobium  to  either  copper  or  first-iteration  alloy  systems.  The  approach  involved 
additions  to  form  copper-free  intermetallics  that  would,  by  virtue  of  high  melting  points  or  low 
lattice  mismatches  with  copper,  be  stable  at  elevated  temperatures.  The  specific  compounds  are 
described  later. 

A  number  of  alloys  were  formulated  to  produce  metal  borides  of  various  stabilities  (based  on 
boride  melting  point)  in  an  attempt  to  find  borides  that  were  dispersable  by  rapid  solidification 
yet  stable  in  copper  at  elevated  temperatures. 

Finally,  some  alloys  were  formulated  to  produce  high-temperature  silicides  that  might 
strengthen  copper  by  remaining  stable  in  copper  at  elevated  temperatures. 


0.3  pm 
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Figure  35.  Presence  of  Very  Coarte  Bordiee  in  Representative  Cu-Zr-B  (CB-26)  Melt-Spun 
Ribbon 

For  the  second  iteration  of  screening  alloys,  processing  was  abbreviated  by  eliminating  the 
solution  4-  aged  (and  subsequent)  conditions,  so  sa  to  accommodate  the  large  numbers  of  alloys 
being  evaluated.  Significant  age-hardenability  was  discerned  from  the  results  of  a  post-cold-work 
480*C  (900*F)  aging  step.  This  was  believed  valid,  insofar  as  those  alloys  that  would  be  useful  at 
650'C  (1200*F)  or  higher  should  be  able  to  resist  recrystallization  during  a  480*C  age  following 
cold  work.  Results  of  the  second  alloy  screening  iteration  are  described  below. 

a.  Coppar-Nloblum 

The  copper-niobium  phase  diagram  allows  for  solid-state  precipitation  reactions  similar  to 
those  of  copper-chromium.  Based  on  this,  copper-niobium  alloys  (CB  87  and  88)  were  formulated 
straddling  the  niobium  solubility  limit  of  1  percent  niobium  (27). 

When  conventionally  processed  with  cold  work,  the  alloys  recrystallized  upon  aging  at 
480*C  (900'F).  The  recrystallization  resistance  was  so  low  that  hardnesses  were  not  measured. 

In  the  rapidly  solidified  +  cold-worked  conditions,  the  1.3  percent  niobium  alloy 
recrystallized  upon  annealing  to  such  an  extent  that  the  weld  could  no  longer  be  found.  The  as- 
•olidifled  hardness  was  low. 

Niobium  did  not  show  potential  as  a  hardener  of  copper,  at  least  alone  or  at  the 
concentrations  investigated, 
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d.  Copper-Nloblum-Zirconlum 


Mandlngo  et  al  (28)  found  that  niobium  additions  halpad  strengthen  and  stabilise 
zirconium  copper.  For  the  present  program,  coppar-niobium-circonlum  alloys  (CB  104  and  105) 
wars  mads  straddling  tbs  binary  solubility  limits  of  1  percent  niobium  and  0.15  percent 
ilreonium. 

Whin  conventionally  processed,  tbs  alloys  were  no  more  stable  than  ilreonium  copper. 
Both  alloys  recrystalllxed  and  softened  whan  annealed  at  650'C  (1200*F)  after  solutioning  +  cold 
work  +  aging.  Alloy  CB  105  age-hardened  very  slightly  at  480*0  (900*F)  after  cold  working. 

Rapid  solidification  refined  the  structure,  and  hardened  the  material  from  DPH  66  to  DPH 
99.  The  electron-betm-proceued  material  softoned  when  annealed  at  650*C  after  cold  work. 
These  alloys  did  not  appear  to  offer  advantages  compared  to  copper-zirconium  alloys. 

o.  Copper-Nloblum-Chromium 

Copper-niobium-chromium  alloys  were  also  made  (CB  64  and  65),  straddling  the  binary 
solubility  limits  of  1  percent  niobium  and  0.65  percent  chromium. 

Whan  processed,  performances  were  very  similar  to  copper-niobium-sirconium  alloys: 
recrystallisation  and  softening  ocourred  upon  850'C  (1200'F)  anneal  (after  solution  +•  cold  work 
+  age).  The  cold-worked  alloys  age-hardened  somewhat  whan  annealed  at  480‘C  (900'F). 

When  rapidly  solidified,  the  alloys  wars  finer  and  harder  than  comparable  conventionally 
processed  alloys.  After  cold  working,  the  alloys  softened  when  annealed  at  650'C.  The  stabilities 
of  these  alloys  were  about  the  same  as  thoae  of  copper-sirconium  alloys. 

d.  Copper-Vanadium 

Other  investigations  indicated  that  copper-zirconium-vanadium  alloys  might  provide  an 
improvement  over  sirconium  copper  (29).  The  copper-vanadium  phase  diagram  suggested 
precipitation  hardenability  similar  to  that  of  copper-chromium.  Thus,  copper-vanadium  alloys 
were  formulated,  straddling  the  solid  solubility  limit  (CB  49  and  93).  When  processed 
conventionally,  with  cold  work,  these  alloys  recrystallised  at  650'C  (1200'F)  and  sometimes  at 
480*C  (90O*F).  The  1.2  percent  vanadium  alloy  (CB  93)  ozidixed  catastrophically  during  solution 
treatment  (it  appeared  that  interdendritic  vanadium  oxidized  and  liquified,  promoting  further 
oxidation).  Therefore,  this  system  wu  not  investigated  further. 

e.  Copper-ZIrconlum-Vanadlum 

The  copper-zirconium-vanadium  alloys  did  not  exhibit  the  catastrophic  oxidation  observed 
during  solution  treatment  of  the  copper-vanadium  alloy.  Two  alloys  were  melted  (CB  94  and  96), 
again  straddling  the  binary  solubility  limits  (0.15  percent  sirconium  and  0.7  percent  vanadium 
(30)). 

When  processed  conventionally,  the  alloys  did  not  exhibit  age  hardenability  in  the 
solutloned  +  cold-worked  condition,  but  did  not  soften  during  the  480*C  (900'  F)  aging 
treatment.  The  alloys  recryatalllzed  completely  upon  subsequent  annealing  at  650'C  (120O'F). 

In  the  rapidly  solidified  conditions,  Alloy  CB  95  was  harder  than  in  comparable  cast  + 
wrought  conditions.  However,  the  cold-worked  alloy  softened  and  recrystallized  at  650*C. 

The  copper-sirconium-vanadium  alloys  resisted  softening  and  recrystallizatlon  as  well  as, 
but  no  better  than,  copper-zirconium  alloys.  No  benefits  could  be  attributed  to  the  vanadium 


62 


additions.  The  catastrophic  oxidation  observed  with  the  copper-vanadium  alloys  was  not  seen 
with  the  copper-zirconium-vanadium  alloys.  However,  the  possibility  of  oxidation  reinforced  the 
conclusion  that  vanadium  additions  to  copper-zirconium  alloys  are  not  beneficial. 

f.  Coppar-Chromlum-Vanadlum 

Copper-chromium -vanadium  alloys  were  formulated  (CB  96  and  97),  with  concentrations 
straddling  the  binary  colubility  limits  of  0.65  percent  chromium  and  0.7  percent  vanadium. 

In  the  cast  +  solutioned  +  cold-worked  4-  aged  conditions,  the  alloys  recryttaliized  upon 
subsequent  annealing  at  650*C  (1200*F)  thereby  exhibiting  behavior  equivalent  to  that  of 
copper-chromium  alloys. 

As  with  the  other  alloy  systems,  electron-beam  processing  refined  the  alloy  structures.  The 
cold-worked  electron-beam  puses  recrystallised  after  the  650*C  anneal,  which  again  was 
equivalent  to  copper-chromium  alloys. 

Overall,  theu  ternary  alloys  exhibited  softening  and  recrystallisation  resistance  no  better 
than  that  of  copper-chromium  alloys,  to  there  were  no  obvious  benefits  derived  from  vanadium 
additions  to  the  copper-chromium  system. 

g.  Copper-Mischmetal 

When  added  to  copper,  the  rare  earths  form  Cu^X  precipitates  that  might  contribute  to 
hardneu  or  temperature  resistance.  CB  69  and  70  were  mischmetal  alloys  (mischmetal  Is  a  mix 
of  lanthanum,  cerium,  and  other  rare  earths).  Theu  alloys  were  melted  and  processed  to  evaluate 
the  effects  of  rare  earth  additions  on  copper, 

The  alloys  were  conventionally  procesud  and  found  to  recryetalliza  at  480*C  (900‘F)  after 
cold  working  (hardness  was  not  measured).  When  electron-bum  procesud,  the  alloys  were 
refined,  but  they  reerystalliied  during  the  850*C  (1200*F)  test  anneal. 

The  addition  of  mlaah  metal  did  not  appear  to  produce  the  softening  resistance  imparted  by 
other  additions  suoh  u  zirconium,  chromium,  or  hafhium.  The  Cu^MM  phau  (whou  preunce 
wu  confirmed  for  the  copper-mlschmetal-boron  alloy)  appeared  to  be  a  weak  hardener  of  copper 
alloys. 

h.  Copper-Mlechmatal-Zlrconlum 

Copper-mischmetal-zirconium  alloys  (CB  73  and  74)  were  formulated  to  straddle  the  binary 
solubility  limit  of  0.15  percent  zirconium,  at  0.4  percent  and  1  percent  mischmetal. 

When  procesud  conventionally,  cold-worked  material  recrystalliud  and  softened  upon 
exposure  to  650‘C  (1200‘F).  Cold-worked  material  did  not  age  harden.  Rapidly  solidified  samples 
exhibited  finer  and  harder  microstructures  than  conventionally  processed  conditions.  Electron- 
beam -processed  4-  cold-worked  material  fully  recrystalliud  and  softened  when  annealed  at 
660'C.  Theu  results  were  similar  to  thou  of  copper-zirconium  alloys,  leading  to  the  conclusion 
that  the  copper-zirconium  system  did  not  benefit  from  the  addition  of  mischmetal. 

I.  Copper-Mlachmetd-Chromium 

This  system  wan  suggested  by  Nishiyama  et  al  (31),  who  found  that  mischmetal  additions 
improved  the  softening  resistance  of  chromium-copper.  Baud  on  theu  results,  two  copper- 
miach-metal-chromium  alloys  (CB  77  and  78)  were  formulated,  at  high  and  low  concentrations. 
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Whin  processed  conventionally  with  aolution  treatment  and  cold  working,  the  alloya 
(CB  77  and  78)  lecryitalliced  during  subsequent  aging  at  480'C  (900*F),  whereu  the  copper* 
chromium  alloya  recryatallised  at  850'C  (1200'F). 

Electron-beam  proceaaing  refined  the  atrueture  aubatantially.  However,  the  alloya  alao 
recrystallltad  and  aoftened  when  annealed  at  850*C  after  elecron*beam  proceaaing  and  cold  work. 
The  addition  of  miachmetal  to  the  copper-chromium  ayatem  did  not  appear  to  be  beneficial. 

|.  Copper-Yttrium 

Yttrium  forma  a  Cu,Y  precipitate  that  might  produce  hardening  in  copper.  Alloya 
containing  0.2  percent,  0.4  percent,  and  1.0  percent  yttrium  (CB  66,  67,  68)  were  evaluated  to 
determine  the  strengthening  effects  of  thia  precipitate.  Conventionally  proceaaed  alloya  were 
found  to  recryatalliae  and  aoften  when  aged  at  480aC  (900‘F)  after  aolution  4-  cold  work,  however. 
The  electron-beam  proceaaed  alloya  were  harder,  but  fully  aoftened  and  recryatallixed  when 
annealed  at  660*C  (1200*F)  after  cold  work.  In  general,  theae  alloya  performed  no  better  than 
copper-mlechmetal  alloya,  and  much  worae  than  copper-airconium  and  copper-chromium  alloya. 

k.  Copper-Yttfium-Hroonlum 

Addition  of  zirconium  to  copper-yttrium  alloys  (CB  71  and  72,  with  compositions  straddling 
the  binary  solubility  limits)  brought  the  properties  up  to  the  levels  of  copper-airconium  alloya. 
Cold-worked  conventionally  processed  forma  of  the  alloya  neither  age-hardened  nor  aoftened  at 
480'C  (900*F).  They  reorystallizad  and  aoftened  only  at  8B0*C  (1200'F).  Electron-beam 
proceaaing  hardened  and  refined  the  alloya.  Annealing  after  rapid  solidification  +  cold  working 
recryatallised  and  partially  aoftened  Alloy  CB  72.  Hardness  of  the  electron-beam-processed 
alloya  were  slightly  higher  than  those  of  copper-airconium  alloya.  However,  benefits  of  yttrium 
additions  to  the  copper-airconium  system  were  not  significant. 

l.  Copper- Yttrium-Chromium 

To  complete  the  study  of  yttrium  systems,  chromium  was  added  to  copper-yttrium  alloys,  in 
amounts  straddling  the  binary  solubility  limits  (CB  75  and  76).  Theae  alloya  did  not  exhibit  age¬ 
hardening  in  the  aolutloned  4-  cold- worked  4-  aged  condition.  They  recrystalliced  only  at  660*  C 
(1200*F).  Electron  beam  proceaaing  reflnad  the  microatructurea.  However,  aubsequent  cold 
working  4-  annealing  produced  considerable  dispersion  coalescence  (Figure  36).  Thia  phenome¬ 
non  eliminated  the  alloy  from  fiirther  consideration. 


m.  Copper-Molybdenum,  Copper-Molybdenum-ZIreonlum,  Copper-Molybdenum-Boron 

.V 

Work  at  MIT  on  dispersion  of  molybdenum  in  copper  (32)  prompted  in-houae  triala. 
Available  phaae  diagrams  suggested  that  small  amounts  of  molybdenum  could  be  dissolved  in 
molten  copper  and  dispersed  upon  solidification.  Theaa  trails  were  not  successful.  Apparently, 
temperatures  sufficient  to  dissolve  molybdenum  in  copper  could  not  be  attained  during  arc 
melting.  The  resultant  buttons  were  not  evaluated. 

n.  Coppar-Chromium-Hafnlum 

Both  the  copper-chromium  and  copper-hafnium  systems  were  evaluated  earlier.  Their 
combination  was  evaluated  with  alloy  CB  118,  formulated  with  chromium  and  hafhium  levels 
slightly  above  their  binary  solubility  limits. 
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When  conventionally  proceeded,  the  alloy  hardened  significantly  when  aged  after  cold  work. 
The  cold-worked  +  aged  alloy  softened  and  recrystallized  upon  annealing  at  650*0  (1200*F). 

Rapid  solidification  hardened  the  alloy  and  refined  its  structure.  Cold  working  further 
hardened  the  alloy  and  subsequent  annealing  at  650*C  only  slightly  softened  the  alloy. 

Microprobe  analysis  revealed  a  precipitate  composed  of  about  B9at.%Cu-lat.96Cr- 
10at,%Hf.  The  structure  of  the  precipitate  was  not  determined. 

These  results  were  at  least  as  good  as  those  for  copper-chromium  alloys,  and  better  than 
thoee  for  copper-zirconium  and  copper-hafnium  alloys.  It  was  not  clear  whether  the  effects  of 
combining  chromium  and  hafnium  were  additive  or  synergistic, 

o.  Copptr-Chromlum-Sllver 

The  copper-chromium-silver  system  also  was  a  combination  of  systems  that  showed 
promise  as  binaries,  Alloys  (CB  96  and  116)  were  formulated  at  high  and  low  chromium  and 
silver  concentrations. 

When  processed  conventionally,  both  responded  in  similar  manners.  Both  hardened  upon 
cold  working,  further  hardened  upon  subsequent  aging  at  480*C  (900*F),  and  partially 
recrystallized  upon  a  further  anneal  at  650'C  (1200*F).  The  more-concentrated  alloy  (CB  116: 
high  silver)  was  slightly  harder  in  all  conditions. 

Only  Alloy  CB  96  was  electron-beam  processed  (116  was  used  to  examine  age-hardening  by 
silver).  As  solidified,  electron-beam-processed  CB  99  was  quite  soft.  Cold  working  hardened  the 
weld,  but  subsequent  annealing  recrystallized  and  softened  the  weld.  This  may  be  attributable  to 
the  moderate  ohromium  content. 

The  copper-chromium-silver  alloys  exhibited  much  higher  hardness  and  better  recrystalli- 
zation  resistance  than  the  copper-silver  alloys.  The  discontinuous  precipitation  seen  with  the 
binary  copper-silver  alloys  was  not  observed  with  these  ternary  alloys.  Compared  to  the  copper- 
chromium  alloys,  these  ternary  alloys  exhibited  equivalent  hardnesses  but  possibly  lower 
recrystallization  resistance,  especially  in  the  rapidly  solidified  condition. 

p.  Copper-Chromium-Zirconium-Silver 

To  address  the  effects  of  combining  the  three  baseline  systems,  two  alloys  (CB  98  and  116) 
were  formulated  from  the  copper-chromium-zirconium-silver  system.  The  most  significant 
difference  between  the  two  alloys  was  the  silver  concentration  and  resultant  ability  to  precipitate 
silver  (the  alloys  contained  1  percent  and  3  percent  silver,  respectively). 

Both  alloys  responded  similarly  to  conventional  processing,  recrystallizing  only  at  650'C 
(1200'F).  Aged  hardness  of  the  alloy  containing  3  percent  silver  was  almost  identical  to  that  of  an 
equivalent  silver-free  alloy  (CB  46).  Apparently,  Uie  silver  had  little  effect. 

Only  one  alloy  was  electron-beam  processed:  CB  98  (lower  silver  was  not  expected  to 
benefit  from  rapid  solidification),  This  alloy  hardened  as  a  result  of  rapid  solidification,  further 
hardened  upon  cold  working,  and  was  only  slightly  softened  by  a  subsequent  650‘C  anneal.  Its 
hardnesses  were  very  similar  to  those  of  a  similar  silver-free  alloy  (CB  46). 

In  general,  these  quaternary  alloys  were  very  similar  to  their  silver-free  counterparts. 
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q.  Copper-Hifnlum-Sllver 


Another  ternary  combination  of  promising  binariee  wu  copper-hafhium-silver.  One  alloy, 
CB  117,  wai  formulated  from  thli  system  to  investigate  precipitation  hardening  when  hafnium 
and  silver  were  combined. 

When  processed  conventionally,  the  alloy  did  not  harden  or  soften  when  aged  after  cold 
work.  It  softened  upon  subsequent  annealing  at  660*C  (1200*F).  Because  the  silver  addition  was 
not  expected  to  enhance  the  response  of  the  hafnium  addition  to  rapid  solidification,  the  alloy 
wu  not  electron-beam  processed.  In  general,  this  alloy  exhibited  properties  equivalent  to  those  of 
the  copper-hafnium  alloys. 

r.  Copper-Chromium-Hafnium-Sliver 

Another  combination  alloy  system  wu  copper-ohromium -hafnium-silver.  One  alloy, 
CB  120,  was  studied.  It  responded  to  proceuing  similarly  to  the  silver-free  variant  (CB  lid),  age- 
hardened  at  480'C  (900*F)  and  recryatallising  and  softening  when  annealed  at  650'C  (1200'F). 
There  were  little  hardness  differences  between  the  ternary  alloy  and  the  silver-free  binary  alloy. 

Since  silver  was  not  expected  to  respond  much  to  rapid  solidification,  this  alloy  wu  not 
electron-beam  processed. 

a.  Coppor-TItanlum-X 

Titanium  is  a  potent  age  hardener  of  copper.  However,  due  to  its  high  solubility,  it  lowers 
conductivity  to  unacceptably  low  levels.  Nevertheless,  It  was  deemed  worthwhile  to  investigate 
additions  of  titanium  with  other  elements  (zirconium,  hafnium,  chromium,  silver  —  CB  121  - 
124)  to  increase  hardness  while  determining  if  the  secondary  additions  would  lower  titanium 
solubility. 

The  first  system,  copper-titanium-chromium  (CB  121),  exhibited  high  age-hardenabillty, 
even  after  cold  work  (Table  13).  When  solutioned  and  cold  worked,  it  recrystallized  only  at  BGO'C 
(1200'F).  The  copper-titanium-zirconium  alloy  (CB  122)  responded  in  an  identical  manner. 

The  copper-titanium-hafnium  and  copper-titanium-silver  alloys  (CB  123  and  124)  respond¬ 
ed  to  conventional  processing  in  the  same  way  as  the  latter  two  alloys.  However,  their  annealed, 
recryatallized  hardnesses  were  much  higher.  Suspecting  that  part  of  this  hardness  wu  due  to 
spinodal  titanium  aging  during  the  vacuum  furnace  cool,  the  two  alloys  were  reannealed  at  650*C 
and  water  quenched.  This  lowered  the  copper-titanium-silver  hardness  considerably,  but  lowered 
the  copper-titanium-hafhium  alloy  hardness  only  slightly. 

Electron-beam  processing  of  the  copper-titanium-hafnium  alloy  increased  its  hardness. 
Cold  working  further  hardened  the  electron-beam  zone,  but  subsequent  annealing  recrystallizod 
the  zone  and  softened  it  to  the  as-solidified  hardness. 

Microprobe  analyses  indicated  that  the  coarser  precipitates  in  the  CB  123  alloy  were 
78.Sat,%Cu-1.6at.%Tl-18at.%Hf  (probably  a  CugHf  structure). 

Of  these  titanium-containing  alloys,  only  the  copper-titanium-hafnium  alloy  exhibited 
superior  hardness  after  annealing.  However,  it  still  recrystallized  after  a  650'C  (1200'F)  anneal. 
Also,  sufficient  titanium  may  have  remained  in  solution  in  the  alloy  to  decrease  its  thermal 
conductivity  to  unacceptably  low  levels. 
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t.  Hlgh-Maltlng-Point  Intermetallle  Phaaas 


A  survey  of  high-temperature  intermetallics  (by  melting  point)  revealed  nine  compound* 
not  invaetigated  that  might  be  uaeful  for  atrengthening  copper.  Theie  were:  HfFea,  HfMn„ 
HfNL,  HfCo,,  Fe,Ti,  Fe,Nb,  FtjZr,  Ni4Zr,  and  Ti,Al.  Since  some  of  the  constituent*  had  high 
solubilities  in  copper,  it  waa  hoped  that  the  high  stabilities  of  these  phases  might  limit  their 
solution  in  oopper.  Alloys  formulated  to  contain  2  atomic  percent  of  these  compounds  were 
melted  and  evaluated  (CB  108,  130  to  137). 

When  solutioned  and  cold  worked,  only  the  copper-iron-niobium  alloy  recrystallized  upon 
heating  at  480*0  (900*F).  The  alloys  that  age-hardened  at  480‘C  did  so  only  slightly  (Table  13). 
The  others  all  reoryatallked  and  softened  when  annealed  at  650*0  (1200'F).  In  some  oases, 
ternary  rather  than  binary  precipitates  were  found  (by  microprobe,  atomic  percent):  Cu-33Ni- 
23Hf,  Cu-33Co-24Hf,  and  Cu-2QZr-1.5Fe.  Also,  Cu-19at,%Ti  formed  instead  of  Ti,Al  in  the 
copper-titanium-aluminum  alloy  (GB  108). 

Rapidly  solidified  versions  of  the  alloys  were  harder  than  comparable  conventionally 
processed  conditions.  AU  rapidly  solidified  alloys  softened  when  annealed  at  650'C  after  cold 
work.  Hardnesses  were  similar  to  those  of  eopper-sirconium  alloys. 

u.  Intermetalllc  Low-Mlamatch  Phases 

Bearing  in  mind  that  coherent  low-lattica-mismatoh  precipitates  and  dispersions  tend  to 
exhibit  greater  dimensional  stability  at  elevated  tomperatures,  a  survey  of  cubic  compounds 
compatible  with  copper  and  having  lattice  parameters  between  3,506  A  and  3.723  A  ( ±  3  percent 
that  of  copper)  and  between  7.01  A  and  7.45  A  ( ±  3  percent  that  of  a  doubled  oopper  lattice)  was 
conducted.  The  resulting  compounds  are  listed  in  Table  14.  Other  compounds  were  rejected  for 
having  low  melting  points.  To  these  was  added  Zr3Al  (21  percent  mismatch,  but  the  melting  point 
and  sirconlum  made  it  look  attractive.) 

TABLE  14.  -  LOW-MISMATCH  PHASES  ADDED  TO  COPPER  ALLOYS  (33) 


Compound 

Lottie*  ParormUr 

Miimateh  uiith  Copptr 

NI.AI 

3.567  A 

1.396 

Co,V 

3.M7  A 

1.6% 

Nl,Sl 

3.510  A 

3.0% 

A*V 

3.619  A 

0.1% 

Cr.Hf 

7.06  A 

2.5%  (2  Cu  lattices) 

F..Y 

7.35  A 

1.7%  (2  Cu  lattices) 

Co,Y 

7.22  A 

0.1%  (2  Cu  lattices) 

Two  additional  systems  chosen  were  copper-chromium-cobalt  and  copper-cbromium-iron. 
The  goal  wee  to  alloy  the  chromium  precipitates  with  cobalt  and  iron,  thereby  decreasing  the 
precipitate  lattice  parameter  and  consequently  the  mismatch  (which  is  normally  2.2  percent 
along  the  copper  <110>  and  chromium  <111>  mating  direction). 

Alloys  were  melted  to  contain  about  2  volume  percent  of  the  phases,  assuming  complete 
precipitation  (CB  107,  109-115,  125,  and  126). 

When  processed  conventionally,  with  a  cold-work  step,  most  of  these  alloys  recrystallized  at 
480*C  or  850*C  (900'F  or  1200'F).  The  copper-nickel-aluminum,  copper-cobalt-yttrium,  copper- 
iron-yttrium,  and  copper-silver-yttrium  alloys  recrystalized  and  softened  during  480*C  aging 
trail.  However,  the  copper-chromium-hafnium,  copper-nickel-silicon,  copper-chromium-iron, 
and  copper-chromium-cobalt  alloys  hardened  when  aged  at  480* C.  The  copper-zirconium- 
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aluminum  alloy  recryatallized  at  650'C.  The  copper-nickel-silicon,  copper-cobalt-vanadium, 
-opper-chromium-hafnium,  copper-chromium-iron,  and  copper-chromium-cobalt  alloys  partially 
recryatallized  at  650* C. 

Precipitate*  that  formed  in  these  alloys  were  identified  in  several  cases  (by  electron 
microprobe),  in  Table  IS. 


TABLE  IS.  -  PRECIPITATES  IN  SOME  SCREENING  ALLOYS 


Alim 

Alloy 

Syittm 

Planrud 

Pncloitatt 

Actual 

Pneioitotu 

CB  107 

Cu-Zr-Al 

Zr|Al 

Cu-  lOat.ftZr 

cb  iob 

Cu-Co-V 

CojV 

Co.V 

CB  111 

Cu*A|-Y 

AjY 

Cu-lat*Y-18at.KAf 

cb  ua 

Cu-Cr-Hf 

Cr,Hf 

Cr,  Cu,Hf 

CB  113 

Cu«F»-Y 

Fa,Y 

Cu-lat%Fe-12at.%Y 

Cu-Cr-Co 

Cr(w/Co) 

Cr 

Consequently,  only  in  the  copper-ehromium-cobalt  and  copper-oobalt-vanadium  alloys  were 
anything  near  the  desired  precipitates  observed.  The  copper-cobalt-vanadium  alloy  generated  a 
cobalt-vanadium  precipitate  where  CoaV  was  desired.  The  copper-chromium-cobalt  alloy 
generated  a  chromium  precipitate  (no  cobalt  was  detected)  where  a  chromium  precipitate 
containing  a  small  amount  of  cobailt  was  desired  (cobalt  may  exist  in  the  precipitate,  at 
undetectable  levels). 

The  oopper-chromium -cobalt  and  copper-cobalt-vanadium  alloys  appeared  most  promising 
and  were  subjected  to  electron-beam  processing.  Neither  alloy  was  hardened  by  rapid 
solidification.  Upon  subsequent  cold  work  +  anneal  at  8S0*C  (1200*F),  the  rapidly  solidified 
copper-cobalt-vanadium  alloy  recrystallized  and  softened.  The  copper-chromium-cobalt  alloy  did 
not  recrystallize  nor  soften, 

v.  Boridea 

Both  the  first-iteration  screening  and  first-iteration  powder  metallurgy  efforts  demon¬ 
strated  that  HfB,,  ZrBj,  TiBa,  and  MMBg  borides  were  insoluble  in  molten  copper  at  practical 
temperatures  and  therefore  unprocessable  to  diopersions  by  rapid  solidification  processes 
available  at  P&W.  Ultimately,  ten  more  boride  systems  (CB  S3  to  63,  CB  127  to  129,  and  CB  138 
to  140)  were  evaluated,  looking  for  one  that  was  soluble  in  the  copper  melt,  yet  insoluble  and 
stable  in  solid  copper  to  act  as  an  effective  dispersion.  These  systems  were  expected  to  form 
MMB„  YB#,  VBa,  CrBj,  NbBa,  A1BU,  SIB,  (Cr,Ti)Ba,  NiBa,  FeB,  and  CoBa. 

Of  the  systems  investigated,  MM-B  (retried),  V-B,  and  Cr-B  appeared  to  precipitate  borides 
in  the  melt  during  arc  melting,  When  subjected  to  electron-beam  puses,  these  borides  did  not 
appear  to  dissolve 

The  other  systems,  Al-B,  Nb-B,  Y-B,  Si-B,  Nl-B,  Co-B,  and  Fe  B,  appeared  to  precipitate 
borides  (unidentified)  only  upon  solidification  of  the  arc  melts.  Moreover,  they  appeared  to 
redissolve  and  reprecipitate  upon  electron-beam  processing.  However,  the  effectiveness  of  the 
resulting  dispersions  was  no  greater  than  that  of  zirconium  additions.  Softening  and  recrystalli- 
sation  resistance  of  the  rapidly  solidified  sections  of  these  alloys  was  no  greater  than  that  of 
copper-zirconium  electron-beam  passes.  In  addition,  the  dispersions  in  the  copper-yttrium- 
boron,  copper-niobium-boron,  copper-aluminum-boron,  and  copper-siiicon-boron  alloys  under¬ 
went  considerable  coalescence  when  annealed  at  650*C  (1200*F)  after  cold  work. 


Other  boride-forming  alloys  containing  third  additions  (Zr-B-Ag,  Ti-B-Ag,  MM-B-Ag,  Cr- 
Ti-B)  were  melted  (CB  33,  100,  101,  102,  respectively),  to  determine  if  the  third  elements 
increased  boride  solubilities  in  the  liquid  alloy.  Boride  precipitation  still  occurred  in  the  liquid. 

This  completed  the  investigations  of  borides  in  screening  alloys.  Of  the  14  borides 
investigated,  none  were  founa  that  were  both  dispersable  by  rapid  solidification  and  stable  at 
elevated  temperatures  in  copper. 

w.  Sllicldes 

Silicides  are  another  class  of  high-temperature  phases  often  employed  as  strengtheners  in 
alloys.  A  review  of  phase  diagrams  of  sUicon  and  copper-compatible  elements  revealed  the 
possible  applicability  of  Nb-Si,  Cr-Si,  Hf*Si,  Ti-Si,  Zr-Si,  and  Y-Si  additions.  Alloys  were 
formulated  to  produce  the  following  stoic aiometries  and  phases:  NbBSis,  CrBSi,  HfjSij,  Ti5Sis, 
Zr,Sig,  and  YStj,  all  at  2at.%  concentrations  (GB  Si  to  86). 

In  most  cases,  the  alloys  produced  ternary  Cu-Si-X  silicides:  Cu4Si4Nb.  (by  microprobe), 
Cu4HfjSia  (x-ray  diffraction),  CujTi^Sl  (microprobe),  Cu4ZrsSi,  (x-ray),  and  Cu8YSi,  (micro- 
probe).  Only  the  coppcr-chromium-aiUcon  alloy  (CB  82)  produced  a  binary  silicidc:  the  expected 
CraSi  (microprobe). 

In  the  conventionally  processed  conditions,  all  of  the  alloys  recryotalized  and  softened  at 
650*C  (1200*F),  and  the  yttrium  and  niobium-containing  alloys  recrystallized  at  480*C  (900'F); 
results  no  better  than  those  of  oopper-zirconium  alloys. 

In  the  electron -beam  processed,  rapidly  solidified  conditions,  the  alloys  "’ere  harder  than 
their  conventionally  proceeied  conditions.  However,  they  all  underwent  softening  and  recryatalli* 
ration  during  the  post-cold-work  650aC  anneal.  The  Cu-CrsSi  alloy  softened  the  least.  The 
rapidly  solidified  copper-hafnium-silicon  and  copper-titanium-silicon  alloys  softened  considera¬ 
bly,  but  since  they  started  out  very  hard,  they  still  exhibited  high  hardnesses.  The  high  initial 
hardness  of  the  rapidly  solidified  hafnium-containing  alloy  may  have  resulted  from  the  high 
3.3  percent  hafnium  concentration.  The  high  initial  and  cold-worked  hardnesses  of  the  titanium- 
containing  alloy  may  have  resulted  from  spi  nodal  hardening  by  the  titanium.  The  softening 
resistances  of  all  but  the  rapidly  solidified  copper-chromium-silicon  alloys  were  no  better  than 
that  of  copper-zirconium  alloys. 

3.  SUMMARY  OF  SCREENING  RESULTS 

For  the  most  part,  those  alloy  systems  that  contained  zirconium,  chromium,  and  hafnium 
exhibited  the  beot  resistance  to  recrystallization  and  softening.  Generally,  alloys  containing 
chromium  exhibited  the  highest  age-hardenability.  Zirconium  additions  imparted  good  recrystal¬ 
lization  resistance,  but  little  age-hardening.  Hafnium  additions  also  imparted  good  recryatalliza- 
tion  resistance,  but,  contrary  to  what  waa  expected  from  the  literature,  age-hardening  response 
was  slight. 

The  effects  of  silver  additions  were  not  significant.  Age-hardening  was  expected,  but  little 
was  found.  Ternary  additions  to  copper-silver  suppressed  the  discontinuous  precipitation 
observed  in  the  binary  alloys,  Silver  additions  ('id  not  appear  to  increase  the  recrystallization 
resistance  of  other  copper-x  alloy  systems. 

The  other  alloying  additions  expected  to  precipitate  elementally  or  as  copper-based 
compounds  had  little  beneficial  effects.  Mischmetal  and  yttrium  additions  were  inferior  to 
zirconium,  chromium,  and  hafnium  additions.  The  ternary  alloys  containing  mischmetal  and 
yttrium  were  found  to  be  no  better  than  ccpper-zirconium.  Molybdenum  was,  within  the 
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processing  limits  used,  insoluble  in  copper.  Vanadium  additions  did  not  improve  the  alloys  either, 
and  appeared  to  promote  catastrophic  oxidation  in  some  alloys.  Niobium  did  not  appear  to  be 
any  mom  effective  as  a  hardener  than  chromium. 

Of  the  titanium  alloys  that  exhibited  high  hardnesses,  only  one  was  found  in  which  the 
hardness  was  not  spinodally  produced  by  slow  cooling,  and  which  might  be  considered  stable  in  a 
rocket  engine  environment.  This  was  the  copper-titanium-hafnium  alloy,  which  produced  a 
complex  ternary  precipitate. 

The  alloys  formulated  to  produce  high-temperature  intermetallic  phases  tended  instead  to 
form  ternary  compounds  containing  copper.  Their  properties  were  not  promising. 

The  addition  of  low-mismatch  compounds  generally  did  not  improve  softening  or 
recrystallization  resistance  (compared  to  copper-zirconium  alloys).  In  many  cases,  the  expected 
compounds  did  not  even  form;  ternary  compounds  containing  copper  formed  instead.  Two 
exceptions  were  copper-cobalt-vanadium  and  copper-chromium-cobalt,  which  exhibited  good 
softening  and  recrystallization  resistance.  The  former  appeared  to  form  cobalt-vanadium 
precipitates.  In  the  latter  alloy,  cobalt  was  not  detected  in  the  chromium  precipitates.  However, 
cobalt  levels  were  low  and  posaibly  hard  to  detect. 

The  inability  to  find  a  useable  boride  for  dispersion  strengthening  was  a  major 
disappointment.  Some  diborides  were  very  stable  at  elevated  temperatures,  but  they  were  not 
effectively  dispersed  by  the  processes  employed.  Other  borides  were  processable  to  fine 
dispersions,  but  were  not  stable. 

Only  one  of  the  silicon-containing  alloys  looked  promising*,  oopper-ailicon-chromium.  This 
alloy  formed  a  binary  chromium-silicide  believed  to  be  Cr3Sl.  This  alloy  waa  slightly  mom 
resistant  to  recrystallization  and  softening  than  copper-chromium  alloys.  The  remaining  silicon- 
containing  alloys  produced  ternary  copper-containing  silicides  and  were  not  promising. 

Based  on  hardness,  age-hardenability,  softening  resistance,  and  recrystallization  resistance, 
the  following  alloy  systems  exhibited  the  best  potential  for  further  study: 

Copper-Chromium 

Copper-Hafnium 

Copper-Zirconium 

Copper-Silver-Chromium 

Copper-Silver-Chromium-Zirconium 

Copper-Silver-Hafnium 

Copper-Silver-Zirconium 

Copper-Chromium-Cobalt 

Copper-Chromium-Hafnium 

Copper-Chromium-Zirconium 

Copper-Cobalt- Vanadium 

Copper-Hafnium-Titanium 

Copper-Hafnium-Zirconium 
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SECTION  IV 

POWER  METALLURGY  ALLOYS  AND  NASA-Z 


1.  ALLOY  SELECTION 

Baaed  on  the  alloy  acreening  results,  compositions  were  selected  for  atomization.  Alloys 
were  atomized  in  two  lots:  the  first  lot  after  the  first  screening  iteration,  and  the  second  lot  after 
the  second  screening  iteration. 

At  the  end  of  the  first  screening  iteration,  the  copper-hafnium,  copper-zirconium,  copper- 
zirconium-silver,  and  copper-zirconium-boron  systems  were  selected  for  atomization.  Copper- 
zirconium  and  copper-hafnium  had  exhibited  good  recrystallization  and  softening  resistance.  The 
powder  metallurgy  copper-zirconium-silver  alloy  would  allow  comparison  with  conventionally 
processed  NASA-Z.  And  finally,  even  though  problems  were  expected  with  boride  dispersion,  the 
stabilities  of  borides  were  so  great  that  their  use  had  to  be  investigated. 

Other  first-iteration  screening  systems  were  not  atomized.  The  copper-hafnium-zirconium 
system  did  not  appear  appreciably  better  than  either  binary  system.  Only  two  copper-zirconium- 
chromium  alloys  had  been  studied,  and  they  appeared  no  better  than  copper-zirconium  (later 
ones  performed  better).  Also,  the  literature  had  suggested  that  alloys  containing  chromium  were 
less  ductile  than  copper-zirconum  alloys  (14). 

Powder  alloys  had  to  be  prioritised  because  when  the  atomizer  is  converted  to  a  different 
system,  such  as  from  nickel  to  copper,  the  first  few  runs  are  expected  to  contain  contamination 
from  the  prior  alloy  system.  Such  runs  are  said  to  wash  the  atomizer  (via  dilution)  of 
contaminants.  Usually,  three  such  wash  runs  are  needed  to  flush  out  the  system.  Depending  on 
the  expected  use  of  the  powder,  wash  run  powders  may  be  discarded  or  used  for  experiments.  For 
this  program,  wash  runs  were  used  to  make  compositions  of  secondary  interest  or  higher  risk, 
with  the  expectation  that,  even  contaminated,  the  powders  would  yield  valuable  information. 

The  systems  chosen  from  the  first  screening  iteration  were  prioritized,  and  composition 
levels  were  chosen.  The  alloys  of  primary  interest  were: 

Cu-0.8%Zr 
Cu-0.65%Zr-0. 1796  B 
Cu-0.596Zr-3.096Ag 

The  zirconium  level  in  the  copper-zirconium  alloy  was  set  moderately  above  the  solubility 
limit,  to  produce  a  dispersion  of  primary  Cu.Zr  precipitates.  The  copper-zirconium-boron  alloy 
was  formulated  to  produce  1  volume  percent  borides,  with  a  little  extra  boron  for  melting  losses. 
The  third  alloy  was  formulated  to  the  NASA-Z  composition. 

Wash  heat  alloys  were: 

Cu-l.l%Zr-0.3496B 

Cu-l.l96Hf 

Cu-0.8%Zr 

The  first  alloy  was  formulated  to  produce  2  volume  percent  borides,  with  a  little  extra 
boron,  and  to  assess  the  processability  of  zirconium  diborides.  The  second  alloy,  copper-hafnium, 
was  run  as  a  wash  heat  because  it  was  riskier  than  copper-zirconium.  Its  composition  was  set 
above  the  solid  solubility  limit  to  produce  a  dispersion  of  primary  CugHf  precipitates.  The  last 
alloy  was  chosen  to  assess  zirconium  concentration  effects. 
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Aa  atomization  progressed,  alloy  formulations  were  changed  somewhat  to  those  in  Table  16. 
The  differences  from  those  proposed  were  a  change  in  boron  level  for  the  primary  copper- 
zirconium ‘boron  alloy  (997),  and  the  repetition  of  two  primary  alloys  at  Cu-0.65%Zr  (998)  and 
Cu-0.6%Zr-3.0%Ag  (999).  The  boron  level  for  Alloy  997  was  dropped  because  numerous  very 
coarse  borides  were  observed  in  the  boron-containing  wash  alloy,  indicating  a  very  low  solubility 
of  ZrBa  in  molten  copper.  The  two  duplicate  runs  were  part  of  an  effort  to  reduce  the  incidence  of 
very  fine  oxides  in  the  powder.  These  two  runs  employed  reducing  conditions  in  the  atomization 
device  to  inhibit  oxidation  of  the  zirconium  in  the  melt.  In  addition,  Run  998  employed  a  small 
zirconium  increase  to  compensate  for  zirconium  losses  observed  with  Runs  994  and  996. 


TABLE  16.  -  ATOMIZATION  RESULTS 


Pun 

Alloy 

Competition  (wt,%) 

Chart* 

W tight 
(kg) 

Pound 

Weight 

(ha) 

■80  Mesh 
Collided 
(hi) 

Main 

Collector 

(hit) 

Lower 

Chamber 

(ha) 

Wall  i 

Ceiling  Depoiet 
(hi) 

Comments 

992 

Cu-MZr-0,34B 

70 

45 

NA 

5 

23 

9 

Late  short  -  skulls. 

093 

Cu-l.lHf 

69 

64 

29 

35 

11 

8 

9B4 

Cu-0.8Zr 

110 

65 

12 

14 

27 

16 

Lett  abort  -  skulls. 

905 

Cu-0.6Zr 

66 

64 

23 

24 

2 

24 

996 

Cu-0.5Zr-3.0Ag 

66 

64 

23 

43 

9 

8 

997 

Cu-0.65Zr-0.05B 

69 

65 

34 

37 

14 

11 

096 

Cu-0.66Zr 

69 

36 

NA 

6* 

6 

23 

Late  abort  -  skulls. 

999 

Cu-O.6Zr-3.0Ag 

70 

66 

48 

49 

8 

2 

1033 

Cu-0.8Hf-0.7Ti 

74 

63 

23 

24 

4 

27 

1033 

Cu-0.6Cr-0.2Co 

76 

71 

31 

34 

7 

22 

1034 

Cu-1.4Co-0.4V 

72 

66 

2 

2 

31 

26 

Collector  dogged. 

1035 

Cu-l.0Cr-0.6Zr 

73 

65 

39 

41 

2 

16 

1036 

Cu-0.6Zr-l.lHf 

75 

69 

10 

11 

1 

63 

1037 

Cu-l.0Cr-0.6Zr-3.0Ag 

76 

6 

0 

0 

0 

0 

Abort  -  nossle  clog. 

1036 

Cu-l.0Cr-0.6Zr-3.0Ag 

70 

65 

19 

20 

2 

37 

1039 

Cu-l.0Cr-3.0Ag 

73 

67 

0 

0 

NA 

0 

Oil  leak  -  powder  ruined, 

1040 

Cu-0.6Zr-l.lHf 

74 

10 

0 

0 

0 

0 

Abort  -  nossle  clog. 

1041 

Cu-0.6Zr-l.lHf 

80 

75 

13 

14 

4 

60 

1043 

Cu-l.4Co-0.4V 

71 

66 

21 

22 

5 

29 

1043  Cu-l.0Cr-3.0Ag 

*  Air  Exposed 

72 

68 

NA 

30 

0 

29 

After  the  remainder  of  the  screening  effort  was  finished,  additional  alloy  systems  were 
identified  for  possible  atomization.  They  were: 

Copper-silver-chromium 

Copper-silver-chromium-zirconium 

Copper-silver-hafnium 

Copper-cobalt-chromium 

Copper-cobalt-vanadium 

Copper-chromium 

Copper-chromium-hafnium 

Copper-chromium-silicon 

Copper-chromium  •  zirconiu  m 

Copper-  hafnium  -titanium 

Copper-hafnium-zirconium 
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From  these,  three  high-risk  systems  were  chosen  for  atomization  as  wash  heats  and 
formulated  as: 

Cu-1.4%Co-0.4%V 

Cu-0.8%Cr-0.2%Co 

Cu-0.8%Hf-0.7%Ti 

Another  four  systems  were  chosen  for  primary  runs  and  formulated  as: 

Cu-0.6%Zr-1.0%Cr 

Cu-0.8%Zr-1.096Cr-3,0%Ag 

Cu-0.8%Zr-l.l%Hf 

Cu-l.096Cr-3.0%Af 

Notably  absent  were  copper-chromium -hafnium,  which  was  believed  to  be  too  similar  to 
copper-chromium-zirconium  to  merit  a  trial  at  that  time;  copper-silver-hafnium,  which  was  very 
similar  to  copper-silver-zirconium;  copper-chromium,  which  was  the  least  promising  of  the  series; 
and  copper-chromlum-siUcon,  which  was  considered  to  be  a  high-risk  alloy  and  reserved  for  some 
future  (unrealized)  wash  run. 

These  alloys  were  atomized  as  formulated  above.  Some  were  repeated  to  compensate  for  bad 

runs. 


2.  ATOMIZATION  RI8ULTS 

High-conductivity  copper  alloys  atomized  easily  ir  the  Pratt  &  Whitney  (P&W)  rapid- 
solidification-rate  (RSR)  atomization  device,  forming  spherical  powder  quite  similar  to  that  of 
other  alloy  systems.  Some  unique  problems  were  encountered,  but  none  were  unsurmountable. 

One  such  problem  was  that  the  copper  powder,  being  soft,  bonded  weakly  to  the  atomizer 
wall  upon  impact.  For  some  atomization  runs,  substantial  portions  of  the  powder  were  deposited 
on  the  wall  of  the  device,  significantly  reducing  the  yields  of  collected  powder.  Process  and 
equipment  constraints  were  such  that  the  most  expedient  remedy  was  to  melt  large  heats 
(150  pounds)  to  ensure  that  collected  powder  yields  were  adequate  for  use. 

Other  problems  involved  introduction  of  alloying  additions  without  loss  or  reaction  in  the 
melt.  For  zirconium,  late  additions,  crucible  charging,  and  copper-zirconium  master  alloy  charges 
were  tried.  Late  additions  were  found  to  work  best,  minimizing  slag  formation  and  zirconium 
losses.  Late  additions  were  also  used  for  hafnium  and,  later,  silver  additions.  Attempts  were  made 
to  minimize  oxidation  in  the  melt  and  subsequent  formation  of  fine  oxides  in  the  powder 
(Figure  37)  by  bubbling  hydrogen  through  the  melt  (Runs  998  and  999)  and  using  a  graphite 
tundish  (999).  These  methods  did  not  produce  noticeable  improvements  and  were  discontinued. 


Production  of  boride-containing  powder  was  complicated  by  reaction  and  formation  of 
borides  in  the  melt.  Attempts  to  resolve  this  by  increasing  melt  temperature  were  hindered  by 
power  limitations  and  the  tendency  for  the  melt  to  splash  at  high  power  levelB.  The  highest  melt 
temperature  attained,  1500’C  (2730* F),  was  not  adequate  to  prevent  boride  formation. 
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Figure  97.  Backacatter  Electron  Image  ( SEM )  Showing  Possible  Fine  Oxides  in  Cu-Zr 
(Alloy  995 )  Powder 

Since  chromium  was  somewhat  difficult  to  melt  in  copper  (due  to  a  miscibility  gap),  all 
alloys  containing  chromium  were  pre-melted  as  master  alloys  in  a  separate  VIM  furnace  that  was 
capable  of  higher  temperatures  than  the  atomizer  furnace. 

Additional  difficulties  encountered  in  atomization  were  generic  in  nature  and  consisted  of 
turbine  (disk  drive)  oil  seal  leaks,  plugging  of  the  atomizer  nozzle,  and  unstable  atomization  at 
the  rim  of  the  disk  (requiring  atomizer  shut-down  or  causing  large  splats  that  reduced  powder 
yield  or  clogged  the  atomizer  outlet). 

When  the  wall  deposition  phenomenon  was  ignored,  yields  were  acceptable.  Yields  of 
collected  *80  mesh  powder  and  areas  of  loss  are  listed  in  Table  16.  Wall  deposition  was  the  most 
consistent  source  of  losses,  This  phenomenon  was  not  found  to  depend  upon  any  controllable 
process  parameters.  Another  significant  source  of  loss  was  the  infrequent  tendency  for  the  fine 
powder  to  sit  in  the  bottom  head  of  the  device  rather  than  flow  into  the  collector  can.  At  least 
once,  this  was  aggrivated  by  wall  deposits  falling  off  and  clogging  the  atomizer  outlet.  Powder 
flow  can  be  assured  by  using  blowdown  nozzles  to  flush  out  the  lower  head. 

The  powders  produced  for  this  program  were  finer  than  those  typically  produced  by  the 
RSR  process,  Size  fraction  analyses  are  shown  in  Figures  38  and  39.  The  fineness  of  these 
powders  were  attributed  to  the  high  atomizer  speeds  used.  Fine  powder  was  intentionally 
produced,  as  it  was  expected  to  solidify  more  rapidly.  The  large,  very  coarse  fractions  exhibited 
by  Runs  994,  996,  and  998  resulted  from  unstable  atomization  and  splashing  off  the  disk.  Even 
those  runs  exhibited  a  larger-than-normal  fine  fraction,  however. 
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Figure  38.  Size  Analysis  of  Collected  Powder  ( Runs  993  Through  999) 

a.  Chamlcal  and  Contamination  Analysis  of  Powders 

Chemical  analyses  ware  performed  on  a  number  of  the  alloys.  The  results  are  listed  in 
Table  17.  Analyses  were  made  by  inductively  coupled  plasma-atomic  emmision  spectroscopy 
(ICP-AES)  and  by  electron  microprobe  (wavelength -and  energy-dispersive).  The  ICP-AES 
method  was  considered  reliable.  ICP-AES  was  not  used  with  the  second  powder  alloy  series  due 
to  budgetary  constraints.  Some  of  the  microprobe  results  were  unreliable.  Overall,  powder  alloy 
compositions  were  close  to  aim  compositions.  Some  zirconium  losses  were  observed  when  it  was 
added  to  the  charge  instead  of  as  a  late  addition.  Boron  losses  always  occurred. 
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Figure  39.  Size  Analyses  of  Collected  Powder  (Runs  1032  Through  1042) 

Additionally,  trace  element  analyses  of  oxygen,  carbon,  and  silicon  levels  wore  performed  on 
some  of  the  firet-aeriee  alloys,  The  results  eu  e  listed  in  Table  17.  After  the  first  run,  oxygen  levels 
stabilized  at  lees  than  40  ppm  (by  weight).  For  comparison,  NASA-Z  had  10  ppm  oxygen. 
Hydrogen  bubbling  of  the  melt  did  not  significantly  affect  oxygen  levele  in  the  alloys  (Alloys  908 
and  999).  Alloy  999,  made  using  a  graphite  tundish,  picked  up  30  ppm  of  carbon.  Silicon  pickup 
from  the  crucible  was  less  than  0.3  percent  (the  same  as  NASA-Z),  while  aluminum 
contamination  wae  not  detected 

Contaminants  were  documented  for  the  first  series  of  alloys  (Table  18).  Since  oil 
contamination  waa  observed  in  Run  992,  oil  analyses  were  performed  on  the  first  lot  of  powders 
to  document  improvement.  Oil  contamination  was  essentially  zero  for  993  and  later  runB. 
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TABLE  17. 


CHEMICAL  ANALYSES  OF  ALLOYS 


Aim  Competition 
( wt,% ) 

Actual 
Companion, 
tCP-ASS  (wt.%) 

Actual  Competition, 
Electron  Microorob*  (wtH) 

Oxyitn 

(ppm  /wt) 

Other*” 

909 

Cu-UZr-0.34B 

Cu-l.lZr-0.24B 

90 

903 

Cu-l.lHf 

Cu-l.lHf 

Cu-l.6Hf 

30 

994 

Cu-0.8Zr 

Cu-0.66Zr 

Cu-0.6Zr 

20 

90S 

Cu-0,ezr 

Cu-0,48Zr 

Cu-0.45Zr 

30 

0.331 

90S 

Cu-0.6Zr-3.0Ag 

Cu-0.60Zr-2.8Ag 

Cu-0.51Zr-3.1Ag 

20 

997 

Cu-0.SSZr-0.06B 

Cu-0.61Zr-0.03B 

20 

90S 

Cu-0.65Zr 

30 

900 

Cu-0.6Zr-3.0Ag 

Cu-0.48Zr-2.91Ag 

40 

0.331,  30  ppm  C 

1039 

Cu-0.8Hf-0.7Tl 

Cu-0.8Hf-0.9TI 

1033 

Cu-0.6Cr-0.3Co 

Cu-0.6Cr-0.2Co 

1034 

Cu-l.4Co-0.4V 

Cu-l.4Co-0.2V 

1036 

Cu-0.6Zr-l.0Cr 

Cu-0.62Zr-l.0Cr 

1036 

Cu-0.6Zr-l.lHf 

Cu-0.5Zr-l.2Hf 

1036 

Cu-l.0Cr-0.6Zr-3.0Ag 

Cu-0.7Cr-0.7Zr-3.0Ag 

1049 

Cu-1.4Co-0.4V 

Cu-1.4Co-0.2V 

1043 

Cu-1.0Cr-3.0Ag 

Cu-0.9Cr-2.8Ag 

NASA-Z1* 

Cu-3.0Ag-0.SZr 

Cu-0.44Zr-3.0Ag 

Cu-3.1Ag-0.5Zr 

10 

Am  tire* 

Cu-O.lSZr 

Cu-O.lSZr 

Cu-0.16Zr 

•  Commsrciilly  supplied 

•*SI  by  ICP-AfiS 

TABLE  18.  -  POWDER  CONTAMINATION 


Run! Alloy 

Rateable  inclueionti/in1  flOOx) 
Other  Powder  Ceramics 

Oil 

992 

69 

42 

160  ppm 

993 

3 

3 

0.7  ppm 

994 

33 

5 

4.6  ppm 

996 

19 

6 

1.0  ppm 

996 

12 

5 

0.2  ppm 

997 

S 

3 

<0.1  ppm 

999 

8 

4 

<0.1  ppm 

Inclusion!  counted  in  a  completion. 

Oil  determined  with  looie  powder. 

Contaminant  inclusions  were  counted  in  Alloys  992-999.  After  filters  were  installed  in  the 
helium  recirculation  system,  contamination  by  ceramics  and  prior  metal  powders  was  generally 
reduced  to  acceptable  levels. 

Contamination  analyses  were  not  performed  on  the  second  series  of  alloys.  The  first  series 
of  atomization  runs  showed  that  high  oil  levels  in  powder  led  to  clumping  of  the  powder.  Thus, 
later  powder  runs  that  did  not  clump  (all  of  1032  —  1043,  except  1039)  were  judged  acceptable. 
Since  the  installation  of  filters  in  the  helium  recirculation  system  had  reduced  contamination  to 
acceptably  low  levels,  and  since  mechanical  tests  had  shown  no  relationship  between  inclusions 
and  failure  for  Alloys  993  through  999,  Alloys  103,.  through  1043  were  not  systematicslly 
screened  for  inclusions.  Any  severe  contamination  would  be  obvious  upon  examination  of  the 
extrusions. 
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b.  Powder  Microstructures 

Microstructure8  of  RSR-atomized  high-conductivity  copper  alloys  resembled  those  of  many 
other  RSR  systems  studied  earlier.  Powders  were  fine  spherical  particulates,  exhibiting 
secondary  dendrite  arm  spacings  of  1-5  pm.  Figures  40-44  illustrate  the  microstructures  of 
several  of  the  alloys  (those  not  shown  had  microatmctures  similar  to  that  of  Alloy  995),  All 
exhibited  fine  dispersion  of  the  alloying  elements,  with  the  exception  of  Alloys  992  and  997, 
which  also  exhibited  coarse  1-10  pm  ZrBa  particles  (Figure  40).  These  were  believed  to  have 
formed  in  the  melt. 

With  few  exceptions,  the  RSR  process  was  well-suited  to  the  atomization  of  fine,  spherical, 
rapidly  solidified,  high-conductivity  copper  alloy  powders.  While  some  difficulties  were 
encountered  in  powder  making,  all  could  be  resolved  if  production  quantities  were  needed. 
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Figure  43.  Structure  of  -80  Mesh  Alloy  996  Powder  (Cu-0.5%iir-3.0%Ag) 
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10  urn 


Figure  -N.  Structure  of  HO  Mesh  Alloy  I  OH  5  Powder  (Co.- 1 .0%Cr-0.(>%y,r) 

3.  PROCESS  AND  EVALUATION  OF  POWDER  METALLURGY  (PM)  COPPER  ALLOYS 

Rapidly  .solidified,  hind-conductivity  copper  powder  alloys  were  consolidated  and  subjected 
to  a  variety  of  processing  sequences  to  allow  assessment  of  processing  effects  on  strength, 
hardness,  microstructure,  and  stability  at  elevated  temperatures,  as  well  as  to  produce  bulk 
materials  lor  mechanical  testing.  Processing  conditions  were  tailored  to  allow  evaluation  in  a 
number  of  conditions  including  as  extruded,  solution-treated,  aged,  cidd-worked,  and  combina¬ 
tions  of  these;  both  as -processed  and  as-annealed  (fi.ri()"(!/12  hour)  after  processing.  The 
processing  matrix  wus  less  extensive  for  the  10(H)  series  ol  alloys  ( Figures  1 8  and  19)  than  tor  the 
1)00  series  (Figures  10  and  17)  due  to  experience  gained  from  evaluation  of  the  first  set  of  alloys. 

Preliminary  evaluation  of  processed  I’M  alloys  was  by  metallography  and  ro  .m-tempera- 
turc  hardness.  Of  interest  metallngraphically  were  ease  of  recrystalli/ation,  gruin  growth,  and 
diapers  inn/p  ren  pit  at  e  morphologies.  Hardness  testing  looked  lor  age-hardening  capability  and 
softening  resistance  upon  anneals  Hardness  results  are  h  .ted  in  Table  19. 


TABLE  19.  —  DIAMOND  PYRAMID  HARDNESSES  OF  PROCESSED  PM 

ALLOYS 


Alloy 

AE 

E+N 

E+CW 

E+CW+ 

A 

E+CW+ 

(A)+N 

E+S 

E+S+ 

A 

E+S+ 

A+N 

E+S+ 

CW 

£+St 

CW+A 

E+S+ 

CW+A+N 

993 

94 

82 

138 

114 

86 

60 

63 

59 

118 

108 

86 

995 

92 

80 

118 

96 

68 

55 

53 

52 

106 

106 

51 

996 

106 

78 

146 

96 

84 

70 

80 

62 

126 

134 

72 

997 

92 

74 

126 

102 

72 

54 

56 

56 

106 

106 

60 

QOG 

Wu 

96 

88 

126 

122 

74 

61 

64 

63 

118 

134 

74 

1032 

106 

100 

156 

_ 

86 

78 

146 

76 

146 

166 

122 

1033 

88 

74 

114 

- 

60 

50 

61 

54 

106 

112 

66 

1036 

122 

106 

142 

- 

108 

70 

98 

66 

126 

146 

72 

1036 

102 

98 

132 

- 

96 

73 

82 

72 

130 

130 

73 

1038 

130 

98 

158 

- 

91 

80 

160 

78 

154 

160 

86 

1042 

94 

93 

118 

- 

98 

61 

66 

69 

102 

69 

68 

1043 

138 

88 

154 

- 

88 

76 

106 

76 

142 

142 

76 

AE,  B  *  Extruded 

N  -  650*C  (1200*F)/12  hr  *nn»«l«d 

S  -  Solutloned 

A  -  Aged,  4B0'C  (900*F)/2  hr 

CW  »  Cold  worked 


Results  of  these  studies  were  used  to  aeiect  alloya  and  material  conditiona  for  preliminary 
tenaila  tearing.  Tenaile  teating  waa  performed  at  ?06*C  (1300*F)  (the  projected  maximum  wall 
temperature)  at  atrain  ratea  approaching  0.1/aecond  (projected  chamber  strain  rate).  Tenaile 
reaulta  were  evaluated  to  rank  alloya  for  characterization. 

a.  Consolidation 

Powder  metallurgy  copper  alloya  were  conaolidated  by  hot  extrualon  at  660*C  (1200*F)  in 
evacuated  copper  cana.  Extrusion  conditiona  and  reaulta  were  aummarized  in  Table  9. 

Whenever  aufficient  powder  existed,  the  -230  mesh  powder  fraction  waa  canned  for 
extrusion  consolidation.  Coarse  powder  fractions  were  not  studied  because:  1)  Little  coarse 
powder  waa  produced,  2)  the  types  of  dispersions  produced  in  these  alloys  were  not  expected  to  be 
sensitive  to  subtle  solidification  rate  differences,  especially  after  conaolidatlon;  and  3)  because 
fine  powder  waa  ao  easily  produced,  the  ability  to  use  coarser  powder  could  be  addressed  later,  if 
needed,  when  alloya  were  chosen  for  hardware  fabrication. 

Extrualon  of  P&W  powder  alloya  waa  done  exclusively  at  650* C  (1200*F).  The  intention 
waa  to  minimize  temperature  while  accomplishing  full  consolidation.  The  works  of  Grant,  et  al 
(34,  36)  suggested  650*C.  Initial  trials  with  Alloy  993  indicated  that  this  temperature  was 
satisfactory,  so  it  waa  used  for  the  remainder  of  the  program.  The  Massachusetts  Institute  of 
Technology  (MIT)  specified  the  temperatures  uaed  for  their  extrusions. 

Extrusion  ratios  were  chosen  to  produce  bar  stock  of  sizes  suitable,  after  additional 
processing,  for  test  specimens.  Generally,  two  ratios  were  used  per  alloy.  Early  extrusions  were 
made  at  8:1  and  12:1  ratios.  The  8:1  extrusion  billets  were  hot-compacted  prior  to  extrusion  to 
ensure  complete  consolidation  during  extrualon.  The  larger  (8:1)  extrusions  were  to  be  subjected 
to  additional  working,  whereas  the  smaller  (12:1)  extrusions  were  intended  only  for  heat 
treatment.  As  experience  showed  that  smaller  extrusions  could  be  used  for  these  purposes,  later 
extrusions  were  made  at  10:1  and  20:1  extrusion  ratios. 
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All  extrusions  were  fully  consolidated.  No  problems  were  encountered  with  the  extrusion 
efforts.  Resulting  microstructures  are  addressed  in  the  next  section. 

b.  Alloy  Processing  and  Behavior 

Powder  metallurgy  copper  alloys  were  processed  by  various  combinations  of  extrusion,  hot 
work,  cold  work,  solution  treatment,  and  aging  to  assess  the  effects  of  these  processes  on 
microstructure,  hardness,  and  tensile  properties.  Processed  conditions  were  subjected  to  anneal 
cycles  at  650*C  (1200'F)  for  12  hours  to  assets  their  stability  at  elevated  temperatures.  Results 
are  discussed  below  for  each  alloy, 

(1)  Alloy  992:  Gu-1 .1%Zr-0,34*AB  (aim) 

Alloy  992  powder  was  not  consolidated.  It  was  oily,  due  to  an  atomiser  oil  seal  failure,  and 
exhibited  massive  borides  framed  by  reaction  in  the  melt.  Alloy  997,  which  contained  less  boron 
and  exhibited  fewer  massive  borides,  was  consolidated  and  evaluated  instead. 

(2)  Alloy  993:  Cu-I.V/iHI 

Powder  metallurgy  Cu-l.l%Hf  exhibited  good  recrystallization  and  softening  resistance  in 
a  variety  of  conditions.  Its  responses  to  processing  are  detailed  below: 

(a)  As-Extrudsd  Conditions  —  At  extruded,  Alloy  993  exhibited  a  warm- 
worked  fibrous  structure  with  an  extremely  fine  grain  size  (1  pm)  and  a 
diamond  pyramid  hardness  (DPH)  of  about  95  (Figure  45).  Transmission 
olectron  microscopy  (TBM)  showed  precipitates  to  be  about  1000-5000  A. 

Aging  at  480‘C  (900* F)  or  annealing  at  650*C  (1200'F)  produced  no 
observable  changes  in  the  fibrous  microstructure,  but  the  latter  softened 
the  material  slightly,  to  about  DPH  85. 

(b)  Bxtrudsd  and  Cold-Worked  Conditions  —  Cold  working  of  the  extruded 
structure  resulted  in  a  similar,  though  harder  (DPH  138),  fibrous  structure. 

An  aging  temperature  anneal  did  not  recrystallize  the  cold-worked 
material,  but  did  soften  it  slightly  (to  DPH  114).  Anneals  at  650*C 
recrystallized  these  materials  almost  completely,  to  grain  sizes  of  5-10  pm 
and  hardnesses  of  about  DPH  70  (Figure  45). 

(c)  Extruded  +  Solutionsd  (-t-Aged)  Conditions  —  Solution  treatment  at 
925'C  (1700'F)  completely  recrystallized  the  extrusions  to  grain  sizes  of 
5-10  pm  and  a  hardness  of  DPH  60  (Figure  46)).  Aging  at  480*0  (900*F) 
only  slightly  hardened  the  material,  to  DPH  63,  with  no  apparent  change  in 
mioroetructure.  Annealing  as-solutioned  or  aged  forms  at  650*F  (1200’F) 
produced  no  apparent  micrastructural  or  hardness  change  (about  DPH  55 
to  60). 

(d)  Extruded  4-  Solutionsd  4-  Cold-Worked  Conditions  —  Cold  working 
solutioned  material  produced  an  elongated  grain  structure  and  increased 
hardness  significantly  (to  DPH  118).  Subsequent  sging  at  480*C  did  not 
change  the  microstructure  and  only  slightly  softened  the  material 
(DPH  108).  Annealing  cold-worked  or  cold-worked  4-  aged  materials 
farther  softened  the  material  (DPH  86)  but  did  not  appear  to  cause 
recryetallization. 
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20  pm 


Figure  46.  Solution-Treated  Alloy  993 

Dispersions  in  PM  Cu-l.l%Hf  were  coarser  than  desired:  1000  to  3000  A  (Figure  47).  The 
TEM  microstructure  of  as-extruded  bar  was  essentially  strain-free  (Figure  47),  with 
grain/subgrain  sizes  of  about  O.f)  to  2  pm,  Dispersion  composition  determined  by  scanning 
transmission  elect  ;on  microscopy  (STEM)  was  Cu^Hf,  reasonably  close  to  Cu5Hf,  cited  in  the 
literature  (36). 


Of  the  conditions  seen,  the  as-extruded  and  the  solutioned  +  cold-worked  +  aged  were 
hardest  and  most  resistant  to  recrystallization  at  650°C  (1200°F).  They  also  represented  two 
significantly  different  material  conditions:  as-extruded  being  ultra-fine-grained,  fibrous,  over¬ 
aged  and  warm-worked;  solutioned  -f  cold-worked  +  aged  being  fine-grained,  equiaxed,  aged,  and 
cold-worked.  For  these  reasons,  both  conditions  were  chosen  for  preliminary  tensile  testing. 

Results  of  tensile  testing  are  shown  in  Table  20,  The  solutioned  +  cold  worked  +  aged 
material  exhibited  higher  strengths  and  lower  elongations  than  the  as-extruded  material.  Both 
failed  by  localized  ductile  necking  (to  96  percent  reduction  in  area).  No  internal  voids  were  found 
in  the  failure  region. 

Microstructures  of  failed  tensile  specimens  indicated  at  least  partial  recrystallization  in  the 
gage  section  (Figure  48).  Nickel  alloy  powder  inclusions  were  surrounded  by  smooth  cavitation, 
unaBBoeiated  with  the  failures.  Failures  were  essentially  crack-free.  Shear  zones  were  evident. 
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2  pm  1 nm 


Figure  47.  Electron  Micrographs  (TEM-Foil)  Showing  Dispersions  in  Alloy  993 

Dispersions  coarsened  during  tensile  testing  at  705*C  (1300*F)  to  about  2000-8000A, 
(Figure  49).  Finer,  often  rodlike  copper-hafnium  precipitates  were  also  observed.  Energy- 
dispersive  spectra  of  the  latter,  determined  using  STEM,  yielded  a  composition  of  Cue6Hf  — 
reasonably  close  to  Cu,Hf,  considering  the  presence  of  background  matrix  copper. 
Grain/subgrain  sizes  were  about  1-2  pm. 

In  an  effort  to  increase  the  elevated  temperature  strength  of  Alloy  993,  process  studies  were 
undertaken,  with  a  goal  of  increasing  grain  size,  Generally,  grain  growth  upon  solution  treatment 
had  been  observed  to  be  limited  by  prior  particle  boundaries.  A  way  had  to  he  found  to  force  grain 
boundaries  past  these  prior  particle  boundaries,  It  was  found  that  870aC  (1600°F)/50  percent 
hot-working  -I-  solution-treatment  at  940'C  (1725'F)  coarsened  grain  size  to  about  80  pm 
(Figure  60), 

Additional  Alloy  993  was  processed  for  tensile  testing:  hot-worked  +  solutioned  +  aged 
(HWSA),  and  hot-worked  +  solutioned  +  cold-worked  +  aged  (HWSCWA).  They  were  tensile 
tested  at  706°C  (1300*F),  Results  are  listed  in  Table  18.  The  cold-worked  condition  exhibited 
high  strengths,  hut  low  elongation,  The  solutioned  +  aged  condition  was  weaker  than  any  other 
Alloy  993  condition  tested. 
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TABLE  20. 


AVERAGED  TENSILE  PROPERTIES  AT  705*C  (1300‘F)** 


Yield  Teneile 


Alloy 

Sirial  No, 

( Condition ) 

Strain 
Rate  (r‘) 

Bsoi KM 

Elongation 
in  4d  (%) 

Reduction 
in  Area  (%) 

Number 
of  Teet i 

093 

AE 

0.06 

49.5 

9,9 

62.5 

12.6 

50 

96 

2 

903 

SCWA-211 

0.06 

60.5 

12.1 

73.0 

14.6 

34 

96 

2 

993 

SCWA-3 

0.10 

139.9 

20,3 

139,9 

20.3 

8 

92 

1 

993 

HWSA 

0.10 

82.7 

9,1 

74.4 

10.8 

32 

91 

1 

995 

AE-2 

0.06 

77,2 

11,2 

97.8 

14.2 

41 

98 

2 

995 

SCWA-211 

0.06 

43.4 

6,3 

74.4 

10,8 

62 

98 

2 

995 

AE-3 

0.10 

76,5 

11,1 

90.3 

13,1 

46 

98 

2 

ana 

TOO 

AE 

0.06 

62,0 

9,0 

92.3 

13.4 

104 

90 

2 

WOT 

SA 

0.06 

62.0 

9.0 

96.5 

14.0 

98 

85 

3 

WOT 

SCWA-211 

0.06 

65.5 

9,5 

100.8 

14.6 

77 

80 

3 

ana 

WOT 

HW 

0.10 

112,3 

16,3 

128.2 

18,6 

42 

85 

1 

aaa 

WOT 

HWSA 

0.10 

73,0 

10,6 

114.4 

16,6 

49 

67 

1 

997 

AE 

0.06 

73,0 

10.8 

91.6 

13,3 

46 

97 

2 

997 

SCWA-111 

0.06 

48,2 

7.0 

73.7 

10,7 

76 

97 

2 

NASA-Z 

1 

0.06 

73.0 

10.6 

107.5 

15.6 

90 

79 

2 

NASA-Z 

1 

0.10 

84,0 

12,2 

80,5 

16.1 

86 

66 

2 

1032 

AE 

0.10 

88,2 

12.8 

115.8 

16.8 

31 

94 

3 

1032 

SCWA-1 

0.10 

99.2 

14.4 

149,5 

21,7 

35 

93 

3 

1035 

AE 

0.10 

91,6 

13.3 

166.0 

24.1 

26 

89 

3 

1035 

EC 

0.10 

96,5 

14.0 

184.0 

26.7 

14 

89 

3 

1036 

AE 

0.10 

88.2 

12.8 

125.4 

18.2 

28 

94 

2 

1038 

AE 

0,10 

92,3 

13.4 

134.4 

19,5 

30 

88 

3 

1038 

SA 

0.10 

86.1 

12.5 

116.4 

16,9 

38 

83 

3 

1042 

AE 

0.10 

92.3 

13.4 

114.4 

16.6 

45 

88 

2 

1043 

AE 

0.10 

72,3 

10.5 

110.2 

16,0 

76 

50 

2 

1043 

SCWA 

0.10 

72,3 

10  5 

107.4 

15.6 

63 

49 

2 

*  0.6  i'1  strain  rati  taiti  employed  cronhetd  deflectometsr  for  itraln  data  collactlon. 
**  See  Appendix  A  for  Individual  teet  raaulta. 


Microstructures  of  coarse-grained  Alloy  993  tensile  specimens  exhibited  little  recrystalliza¬ 
tion,  exoept  for  a  alight  amount  in  the  immediate  area  of  the  fracture  (Figure  50).  Necking  was 
localized,  with  cup/cone  type  fractures. 

(3)  Alloy  994:  Cu-0.8%Zr 

This  alloy  was  not  processed  to  bar  stock,  since  it  was  somewhat  contaminated  by  nickel 
(T'ble  18),  and  was  not  significantly  different  from  Alloy  996. 
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Figure  48.  Microstructures  in  Solutioned  +  Cold-Worked  +  Aged  Alloy  993  ( SCWA-211 ) 
Tensile  Tested  at  705°C  (l300eF) 

(4)  Alloy*  995  and  998;  Cu-0.6*/*Zr  and  Cu-0,65 %Cr 

Powder  metallurgy  Cu-Zr  alloys  also  exhibited  fairly  good  rccrystallization  and  softening 
resistance,  although  not  quite  as  good  as  that  of  Cu-Hf  alloys.  The  responses  of  Alloys  995  and 
998  to  processing  were  idential,  and  thus  are  discussed  as  one  alloy:  995. 

(a)  As-Extruded  Form  —  Extruded  Alloy  995  exhibited  a  warm-worked  fibrous 
structure  with  an  extremely  fine  grain  size  (1  pm)  (Figure  51)  and  a 
hardness  of  DPH  92.  Exposure  to  an  aging  temperature  of  480'C  (900'F) 
produced  neither  microstructure  nor  hardness  (DPH  94-96)  changes. 
However,  exposure  to  stability  testing  at  650"C  (1200'F)  slightly  softened 
the  materials  to  about  DPH  85  and  recrystallized  about  25  percent  of  the 
microstructure  (Figure  51). 

(b)  Extruded  t  Cold-Worked  Condition*  —  Cold-working  of  che  extruded 

microstructure  resulted  in  a  similar  fibrous  structure  (optional),  but  did 
increase  hardness  significantly,  to  DPH  118.  Annealing  at  the  480“C 
temperature  did  not  change  the  optical  microstructure,  but  did  aofton  the 
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material  significantly,  to  DPH  96,  Further  annealing  at  650‘C  recrystal¬ 
lized  the  alloy  (Figure  61),  and  softened  it  to  DPH  68. 

(e)  Solutlonad  +  Aged  Conditions  —  Solution  treatment  at  925 ‘C  (1700*F) 
recrystallized  the  extrusion  (Figure  52)  resulting  in  grain  sizes  of  5-10  pm 
and  hardnesses  of  DPH  65-60.  Aging  at  480*C  (and/or  annealing  at  650*C) 
neither  hardened  the  alloy  nor  changed  its  microstructure. 

(d)  Soiutloned  +  Cold-Worked  Conditions  —  Cold-working  of  aolutioned 
Alloy  995  hardened  it  to  DPH  106  and  produced  a  cold-worked  microstruc¬ 
ture  (Figure  52).  Annealing  at  650‘C  recrystallized  (Figure  52)  and  softened 
(DPH  51)  the  alloy. 


As-extruded  samples  of  Alloy  995  were  evaluated  using  TEM.  Dispersions  were  somewhat 
coarse  (about  1000-3000A)  (Figure  63).  Grains/subgrains  were  about  0.5  pm  to  1  pm  in  size,  and 
exhibited  little  strain. 


2  pm 


Figure  49.  Electron  Micrograph  of  Alloy  993  ( SCWA-2U )  Teruile  Tested  at  705CC 
(1300QF),  Note  Rod- Like  Precipitates 


The  only  worked  form  of  Alloy  995  that  exhibited  any  stability  at  660‘C  (1200*F)  was  the 
as-extruded  condition.  Likewise,  it  was  the  only  form  of  the  alloy  that  remained  hard  after  650*C 
exposure.  For  these  reasons,  the  as-extruded  condition  was  chosen  for  preliminary  tensile  testing. 
A  solutioned  +  cold-worked  t  aged  condition  was  also  chosen  for  testing  because  that  was  the 
condition  of  Amzirc  (commercial  Cu-0.15%Zr)  that  has  shown  highest  elevated-temperature 
strength, 
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Figure  50.  Microstructure  of  Alloy  993  Processed  to  Increase  Grain  Site  (HW  +  S) 

The  tensile  tests  (Table  18)  revealed  that  the  as-extruded  condition  was  stronger  and  less 
ductile  than  the  solutioned  I  cold-workud  I  annealed  condition.  This  correlated  with  the  better 
softening  resistance  of  the  former  condition.  As  with  Alloy  993,  failure  was  by  localized  smooth 
necking.  Little  void  formation  or  cracking  was  observed. 

Microscopy  of  failed  Alloy  995  tensile  specimens  (Figure  54)  revealed  little  recrystallization 
(at  least  littlo  change  from  the  input  microstructure).  Cavitation  was  observed  around  nickel 
particles,  but  was  ductile  and  uninvolved  with  failure.  Transmission  electron  microscopy  did  not 
reveal  significant  changes  in  the  microstructure  of  as-extruded  material  after  testing. 

(5)  Alloys  996  and  999:  Cu-0S%Zr-3%Ag 

Alloys  998  and  999  are  powder  versions  of  the  NASA-Z  (and  NARloy-Z™)  composition,  and 
were  made  to  assess  the  effects  of  rapid  solidificazation  and  powder  metallurgy  on  NASA-Z. 
NASA-Z  and  NARloy-Z™  are  used  in  the  solutioned  +  aged  condition.  However,  the  powder 
versions  were  subjected  to  the  same  processing  matrix  as  the  other  alloys  to  allow  study  of 
processing  effects. 

{■)  As-Extruded  Conditions  —  As-extruded  microstructures  were  at  least 
50  percent  recrystalized,  with  grain  sizes  of  2-5  pm  (Figure  55).  Hardnesses 
ranged  from  DPH  94  to  106,  Annealing  at  480*C  (900”F)  produced  no 
changes  in  microstructure  or  hardness.  Annealing  at  650“C  (1200'F) 
produced  fully  recrystallized  microstructures  (Figure  55)  with  grain  sizes  of 
L-6  pm  and  hardnesses  of  DPH  70  to  88. 
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(b)  Extruded  +  Cold-Worked  Condition*  —  Cold-working  resulted  in  a 
structure  similar  to  that  of  the  extrusion,  but  at  a  greater  level  of  hardness 
(DPH  126*146).  Annealing  at  480*C  produced  some  softening 
(DPH  66-122)  and  probably  some  recrystallization.  Annealing  at  660*  C 
recrystallized  (Figure  55)  and  softened  (DPH  74-84)  the  alloy. 

(e)  Solutioned  +  Aged  Condition*  —  Solution  treatment  of  Alloy  996 
completely  recrystallized  the  microstructure  to  5-10  urn  grain  sizes, 
resulted  in  some  abnormal  grain  growth  (Figure  56),  and  softened  the 
material  to  DPH  61-70.  Subsequent  aging  at  480'C  increased  hardness 
slightly,  to  DPH  64-80,  without  changing  the  optical  microstructure. 
Annealing  solutioned  or  aged  material  resulted  in  hardnesses  of 
DPH  62-64,  with  no  change  in  optical  microstructure. 

(d)  Solutioned  +  Cold-Worked  Condition*  —  Cold-working  solutioned  mate¬ 
rial  hardened  it  significantly  (DPH  118-126)  and  produced  a  cold-worked 
microstructure.  Subsdequent  aging  at  480*C  did  not  change  microstructure 
or  hardness,  Further  annealing  at  650'C  softened  (DPH  72-74)  and 
recrystallized  the  material  to  about  10  pm  grain  size  (Figure  56). 


TEM  evaluation  of  966/969  as-extruded  samples  showed  that  dispersion  sizes  were  similar 
to  earlier  alloys:  2000-4000A,  (Figure  57).  Dispersion  compositions  were  about  78at.%Cu- 
14at.%Zr-10at.9iAg  (88wt.%Cu-18wt.%Zr-14wt.%Ag)  —  similar  to  values  found  in  other 
investigations  (2,22).  Fine  silver  precipitates  were  also  seen.  Grains  or  subgrains  were  about  2  pm 
in  size  and  relatively  strain-free. 


Some  conditions  (primarily  as-extruded)  of  Alloys  996/999  produced  abnormal  grain 
growth  upon  solution  treatment.  Grains  were  at  large  as  2  mm.  Usually,  abnormal  grains  were 
confined  to  the  periphery  of  the  bar,  indicating  a  strain  or  heat-up  rate  effect.  Subsequent  cold 
work  +  annealing  recrystallized  the  abnormal  grains  to  a  fine-grained  condition. 

All  of  the  strained  forms  of  Alloys  996/999  softened  and  recrystallized  at  650*C  (1200‘F). 
Only  the  strain-free  form,  solutioned  +  aged,  exhibited  much  stability  at  650‘C;  it  probably 
overaged.  As  no  forms  were  outstanding,  two  extremes  in  microstructure  were  chosen  for 
preliminary  tensile  tests:  finer-grained  fibrous  as-extruded,  and  coarse-grained,  cold-worked 
solutioned  -l-  cold-worked  -I-  aged.  In  addition,  solutioned  +  aged  material  was  tested  for 
comparison  to  NASA-Z,  which  is  solutioned  4-  aged. 

The  tensile  test  results  (Table  20)  revealed  little  effect  of  processing  on  tensile  properties  at 
705'C  (1300'F).  It  is  believed  this  was  due  to  1)  solutionlng  of  Ag  precipitates  at  the  test 
temperatures;  2)  the  extensive  recrystallization  that  took  place  in  all  three  conditions  during 
tensile  deformation.  Both  would  tend  to  equalize  the  materials. 

Failure  of  tensile  specimens  was  characterized  by  long  continuous  necking  (indicative  of 
work  hardening)  and  somewhat  brittle  fracture  involving  grain  boundary  cracking  (Figure  58). 
Numerous  grain  boundary  cracks  were  observed  in  the  region  surrounding  the  fracture. 
Recrystallization  was  quite  evident  in  the  gage  section,  increasing  in  severity  with  proximity  to 
the  fracture. 
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Figure  51.  Microstructures  of  Processed  Allay  995 


2  pm  1 pm 
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Figure  S3.  Electron  Microstructures  of  Alloy  995  (Cu-0.6Zr),  as  Extruded  (TEM-Foil) 

Later  in  the  program,  additional  processing  work  was  done  with  Alloys  996/999  to  produce 
coarser-grained  material  for  testing.  The  intention  was  to  increase  elevated-temperature  tensile 
strengths  to  those  of  NASA-Z,  and  to  duplicate  the  NASA-Z  microstructure  for  LCF  testing  to 
establish  whether  powder  metallurgy  NASZ-Z  could  be  used  instead  of  cast  -I-  wrought  NASA-Z. 
Bars  of  Alloy  999  were  hot-worked  50  percent  at  870‘C  (1600*F),  producing  the  worked 
microstructure  in  Figure  59.  Solution  treatments  produced  recrystallization  and  grain  growth  to 
40-80  pm  grain  sizes  (NASA-Z  is  60-100  pm)  (Figure  59).  Tensile  specimens  were  prepared  by 
hot-working  and  hot-work  4-  solution  +  age,  Tensile  properties  of  each  are  listed  in  Table  20.  The 
hot-worked  +  solutioned  +•  aged  properties  were  roughly  equivalent  to  those  of  NASA-Z.  The 
hot-worked  verision  was  significantly  stronger  than  NASA-Z,  evidently  because  of  strain 
hardening. 


Both  conditions  experienced  considerable  recrystallization  and  grain  refinement  during  the 
705*C  (1300*F)  tensile  tests  (Figure  60).  Failure  was  like  that  of  the  other  Alloy  996/999 
specimens:  grain  boundary  cracking,  with  uniform  necking  and  elongation. 

(6)  Alloy  99 7:  Cu-0.55%Zr-0.05#AB 

Alloy  997  was  formulated  to  contain  about  0,35  volume  percent  ZrB2,  an  well  bb  0.2  percent 
excess  zirconium,  which  would  form  CusZr  primary  and  aging  precipitates.  As  noted  earlier,  the 
powder  exhibited  a  few  coarse  diborides.  Any  fine  borides  were  expected  to  act  as  a  dispersion 
strengthener,  stabilizing  the  microstructure  and  retaining  cold  work  at  elevated  temperatures. 
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Figure  54,  Microstructures  in  Solutioned  +  Cold-Worked  +  Aged  Alloy  995  (SCWA-21 1 ) 
Tensile  Tested  at  705°C  (1300*F) 

Effects  of  processing  on  the  alloy  were  nearly  identical  to  those  observed  for  Alloys  995/998 
(Cu-Zr).  See  the  Alloys  996/998  narrative  for  a  description,  and  consult  Table  19  for  the  exact 
hardnesses  observed. 


Electron  microscopy  of  extruded  Alloy  997  did  not  reveal  any  fine  borides,  just  a  Cu-Zr 
dispersion  similar  to  that  in  Alloy  996. 

To  evaluate  the  effect  of  the  small  boron  addition  to  Alloy  997,  the  conditions  of  Alloy  997 
choBen  for  preliminary  tensile  testing  (as-extruded  and  solutioned  I  cold  worked  f  aged)  were 
the  same  as  those  used  for  testing  of  Alloy  996  (copper-zirconium). 

Tensile  test  results  were  almost  identical  to  those  of  Alloy  996  (Table  20),  also  supporting 
the  absence  of  a  fine  boride  dispersion.  Fracture  modes  were  similar  to  those  of  Alloy  995:  the 
coarse  borides  did  not  embrittle  the  alloy. 
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Figure  57,  Electron  Micrographs  (TEM-Foil)  of  As-Extruded  Alloy  996 
(7)  Alloy  1032:  Cu-0.7%TI-1.1%Ht 

Alloy  1032  exhibited  significant  age  hardenability,  and  good  microstructural  stability  at 
650*C  ( L20O*F)  after  certain  processing  sequences.  Specific  results  of  processing  are  detailed 
below. 

(a)  Aa-Extrudad  Conditions  —  The  as-extruded  microstructurc  was  partially 
recrystallized,  fibrous,  with  grain  sizes  of  less  than  5  pm  (Figure  61). 
Annealing  at  650*C  (1200*F)  changed  neither  hardness  (DPH  100)  nor 
microstructure. 

(b)  Aa-Extrudad  -f  Cold-Worked  Conditlona  —  Cold  working  increased 
hardness  to  DPH  166,  and  subsequent  annealing  at  650‘C  recrystallized 
(Figure  61)  and  softened  (DPH  AS)  the  alloy. 

(e)  Solutlonad  +  Aged  Conditlona  —  Solution  treatment  at  925  "C  ( 1700*F) 
completely  recrystallized  (Figure  61)  and  softened  (DPH  80)  the  alloy. 

Grain  size  was  6-10  pm,  Aging  at  480'C  (900'F)  hardened  the  alloy  to  DPH 
146,  but  subsequent  annealing  at  650*C  overaged  and  softened  the  alloy  to 
DPA  76. 

(d)  Solutlonad  4-  Cold- Worked  Conditlona  —  Cold  working  of  solutioned 
Alloy  1032  hardened  it  to  DPH  132  and  produced  a  cold-worked  micro¬ 
structure.  Subsequent  aging  at  480*C  further  hardened  the  alloy  to  DPH 
168.  Further  annealing  at  650’C  overaged  the  material,  roducing  the 
hardness  to  DPH  122,  but  did  not  produce  recrystallization  (Figure  61). 
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Figure  58.  Micrustructurex  of  Solutioned  +  Aged  Alloy  999  (SA)  Tensile  Tested  at  750°C 
(1300°F) 

The  second-phase  forming  in  this  alloy  could  not  be  identified  by  X-ray  diffraction.  It  was 
probably  the  CuftHf  type  proposed  for  the  copper-titanium-hafnium  screening  alloy. 

Highest  as-annealed  8/30'C  hardness  resulted  from  as-extruded  and  solutioned  f  cold 
worked  F  aged  (S  +  CW  »•  A)  materials,  so  both  were  chosen  for  preliminary  tensile  testa.  These 
alloy  forms  also  appeared  to  be  among  the  most  thermally  stable  for  this  alloy, 

Results  (Tablo  18)  paralleled  the  above  observations.  The  S  F  CW  F  A  condition  was  much 
stronger  than  the  as-extruded  conditions,  with  attendent  olongation  losses.  Failure  was  by 
localized  ductile  necking.  Little  cracking  was  observed,  Neither  condition  rocrystallized  upon 
testing. 
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(8)  Alloy  1033:  Cu-1 .0%Cr-0.2%Co 

Alloy  10S3  wu  expected  to  form  chromium-based  precipitates  that  ware  more  stable  than 
thoaa  found  in  conventional  copper-chromium  alloys.  Partial  substitution  of  cobalt  for  chromium 
in  the  precipitates  was  expected  to  decrease  lattlce-to-precipitate  mismatch  and  increase  the 
stability  of  the  precipitates  at  elevated  temperatures.  As  it  turned  out,  however,  this  alloy  did  not 
exhibit  very  good  high-temperature  stability. 

(•)  Aa-Ixtruded  Conditions  —  This  alloy  exhibited  a  coarser  as-extruded 
microstructure  than  seen  for  most  other  alloys  (Figure  82).  Grains  were 
elongated,  recrystallised,  and  about  3-4  pm  in  sixe.  Hardness  was  DPH  60. 
Annealing  at  850'C  (1200*F)  softened  the  alloy  slightly  (DPH  74),  and 
appeared  to  produce  large,  overaged  precipitates  (Figure  62). 

(b)  Ixtruded  +•  Cold-Worked  Conditions  —  Cold  working  hardened  the 
extrusion  to  DPH  114.  Subsequent  annealing  at  660'C  (1200*F)  recrystal- 
Used  (Figure  62)  and  softened  the  alloy  (DPH  60). 

(o)  Solutlonod  +  Aged  Conditions  — •  Solution  treatment  softened  (DPH  SO) 
and  rccrystallised  (grain  site  5-10  pm)  the  alloy  (Figure  63).  Subsequent 
aging  only  slightly  hardened  the  alloy,  to  DPH  61.  Further  annealing  at 
650*C  softened  the  alloy  to  DPH  65. 

(d)  Solutlonod  +  Cold-Worked  Conditions  —  Cold  working  the  eolutioned 
alloy  Increased  the  hardness  to  DPH  96.  Subsequent  aging  slightly 
hardened  the  alloy  to  DPH  110.  However,  the  alloy  recrystalllxed 
(Figure  63)  and  softened  (DPH  66)  upon  annealing  at  6S0‘C. 

Analysis  confirmed  the  presence  of  cobalt  and  chromium  in  the  alloy.  However,  cobalt  could 
not  bo  found  in  the  large  chromium  precipitates  (mloroprobe).  Because  of  the  low  chromium 
concentration,  ohromium  X-ray  diffTaotion  peaks  could  not  be  detected  to  determine  whether  the 
cobalt  was  alloying  in  the  chromium  phase  and  changing  its  lattice  parameter. 

This  alloy  did  not  exhibit  muoh  stability  or  hardness  retention  st  elevated  temperatures,  so 
It  was  not  seleoted  for  preliminary  tensile  teats. 

(9)  Alloy  1035:  Cu-1.0%Drt.8%Zr 

Alloy  1035  exhibited  age  hardanability  and,  in  some  cases,  very  good  softening  resistance  at 
6S0'C  (1200*F).  It  benefltted  from  precipitates  of  Cr  and  Cu(Zr.  Responses  to  processing  are 
described  below: 

(a)  Aa-Kxtruded  Conditions  —  As-extruded  Alloy  1036  exhibited  a  warm- 
worked  ultra-fine-grained  (1  pm)  fibrous  microstructure  (Figure  64). 
Hardness  was  DPH  115.  Annexing  st  650‘C  (1200*F)  had  essentially  no 
effect. 

(b)  Ixtruded  +  Cold-Worked  Condition!  —  Gold  working  hardened  the 
extrusion  to  DPH  142,  with  little  optically  discernable  microstructural 
change.  Subsequent  annealing  at  650‘C  softened  the  alloy  back  to  DPH 
110,  with  no  observable  recrystallisation. 

(o)  Bolutloned  +  Aged  Conditions  —  Solution  treatment  recrystalllxed  the 
alloy  to  5-10  pm  grain  sixes  (Figure  64).  Hardness  dropped  to  DPH  70. 
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Aging  at  480*C  (900'F)  increased  hardness  substantially,  to  DPH  100. 
However,  additional  annealing  at  850'C  overaged  the  alloy,  softening  it  to 
DPH  66. 

(d)  Solutloned  +  Cold-Worked  Condition*  —  Cold  working  eolutioned 
material  increased  hardness  to  DPH  120.  Subsequent  aging  at  480'C 
increased  hardness  to  DPH  144,  with  no  change  in  microstructure. 
Additional  annealing  at  660'C  (1200’F)  recrystallized  (Figure  64)  and 
softened  (DPH  72)  the  alloy. 

The  alloy  conditions  exhibiting  highest  softening  resistance  at  650*C  were  the  as-extruded 
and  extruded  +  cold-worked  conditions.  Both  were  chosen  for  preliminary  tensile  testing. 

Results  (Table  19)  showed  that  both  alloys  exhibited  roughly  equivalent  strengths  at  705*C 
(1300'F).  However,  the  cold-worked  condition  exhibited  lower  elongations  than  the  as-extruded 
(warm-worked)  condition. 

Tensile  failures  were  by  localised  ductile  necking;  little  cracking  was  observed.  The  as- 
extruded  condition  did  not  recrystalllM  upon  testing.  The  extruded  +  cold-worked  condition 
coarsened  slightly  upon  testing. 

(10)  Allay  1036:  Cu-0.6%ZM.1%Hf 

Alloy  1036  represented  a  combination  of  the  Cu-Zr  and  Cu-Hf  systems  —  both  of  which 
gave  promising  results  earlier  in  the  program  as  Alloys  993  and  996.  The  ternary  alloy  exhibited 
slightly  more  resistance  to  softening  at  660'C  (1200'F)  and  generally  higher  post-anneal  (660'C) 
hardnesses  than  either  of  the  binary  alloys.  Processing  effects  are  described  below. 

(a)  As-lxtrud*d  Condition*  —  Like  the  binaries,  Alloy  1036  extruded  to  a 
warm-worked,  fibrous,  ultra-flns-grained  microstructure  (Figure  66). 
Hardness  was  DPH  110.  Annealing  at  660'C  produced  little  change 
(hardness  was  DPH  100), 

(b)  Intruded  +  Cold-Worked  Condition*  —  Cold  working  the  as-extruded 
microetruoture  hardened  it  to  DPH  130.  The  miorostructur*  did  not  change 
observably.  Subsequent  annealing  softened  the  alloy  to  DPH  100,  but  did 
not  recrystallise  it. 

(o)  Solutloned  +  Ag*d  Condition*  —  Solution  treatment  resulted  in  softening 
(DPH  76)  and  recrystallization  to  a  fine-grained  (5-10  pm)  equiaxed 
microstructure  (Figure  65).  This  form  of  the  alloy  did  not  age-harden  at 
480*C  (900‘F),  or  soften  further  upon  annealing  at  650*C. 

(d)  Solutloned  +  Cold-Worked  Condition*  —  Cold  working  hardened  the 
solutloned  alloy  to  DPH  130.  Subsequent  aging  at  480'C  had  no  effect. 
However,  the  alloy  recrystallized  (Figure  66)  and  softened  to  DPH  70  upon 
annealing  at  660*  C. 

This  alloy  did  not  age-harden,  which  was  not  surprising,  since  Alloys  993  and  996  did  not 
age  harden  either.  Since  the  as-extruded  and  extruded  4-  cold-worked  conditions  equally  showed 
the  moet  promise  for  high-temperature  use,  the  as-extruded  condition  was  chosen  for  preliminary 
tensile  tests. 

The  tensile  strengths  obtained  (Table  20)  were  not  particularly  high.  Failure  was  by 
localized  ductile  necking;  no  cracking  was  observed.  The  fine  fibrous  microstructure  was  not 
changed  by  testing. 
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(11)  Alloy  1038:  Cu-06%Zr-3. 0%Ag-1. 0*ACr 

Alloy  1038  terved  as  a  chromium-containing  extension  of  the  copper-zirconium-silver 
(NASA-Z)  eyetem.  It  exhibited  the  high  age-herdenability  found  in  many  other  chromium- 
containing  alloys,  as  well  as  the  predisposition  toward  recrystallization  found  in  high-silver 
alloys  such  as  NASA-Z.  More-detailed  processing  effects  are  described  below. 

(a)  As-lxtruded  Condition!  —  Alloy  1036  extruded  to  a  warm-worked, 
fibrous,  ultra-fine  structure  (Figure  66)  (DPH  130).  Annealing  at  660'C 
(1200‘F)  softened  (DPH  98)  and  recrystallized  the  alloy  (grain  size  2-8 
pm). 

(b)  Extruded  +  Cold-Worked  Condition!  —  Cold  working  increased  the 
hardness  of  the  extrusion  to  DPH  160.  Subsequent  annealing  at  850*C 
recrystallized,  (Figure  66)  and  softened  (DPH  90)  the  alloy. 

(o)  Bolutloned  -I-  Aged  Condition!  —  Solution  treatment  of  the  extrusion  at 
925*0  (1700'F)  recrystallized  the  microstructure  to  equiaxed  5-10  pm 
grains  (Figure  66)  and  softened  the  alloy  to  DPH  80.  Aging  at  480*C 
(900*F)  hardened  the  alloy  to  DPH  160,  but  subsequent  annealing  at  650*C 
(1200'F)  overaged  and  softened  the  alloy  to  DPH  78. 

(d)  Bolutloned  +  Cold-Worked  Condition!  —  Cold  working  the  solutloned 
alloy  hardened  it  to  DPH  154,  Subsequent  aging  at  480'C  did  not  impart 
significant  additional  hardening  (DPH  160).  Annealing  (after  age)  at  650*C 
softened  (DPH  90)  and  recrystaliized  the  alloy  (Figure  66). 

The  forms  chosen  for  preliminary  tensile  tasting  were  as-extruded,  and  solutioned  +  aged. 
All  of  the  post-anneal  alloy  forms  had  exhibited  recrystaliized  microstructuree  and  most 
exhibited  hardnesses  in  the  DPH  90  range.  As  there  was  minimal  difference  in  post-anneal 
hardnesses,  variety  in  microstructure  and  imput  hardness  became  the  criteria,  so  the  fine-grained 
as-extruded  and  coarser  hardened  4-  solutioned  +  aged  forms  became  candidates  for  testing. 

Strengths  of  the  two  conditions  (Table  20)  were  essentially  equivalent:  the  aa-extruded 
material  was  slightly  stronger  and  more  ductile.  With  the  addition  of  silver,  failure  mode 
resembled  those  of  copper-zirconium -silver  alloy:  diffuse  necking  and  cracking  at  the  failure.  The 
alloy  also  recrystaliized  in  the  neck  region  (Figure  67). 
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Figure  65.  Micros truct ures  of  Processed  AUay  1036 
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Figure  66.  Microstructures  of  Processed  Alloy  1038 


(12)  Alloy  1042:  Cu-1.4KCo-0.4KV 


Alloy  1042  wu  originally  a  wash-heat  composition.  Since  the  wash  heat  (No.  1034)  did  not 
produce  sufficient  powder  for  use,  another  run  was  made  (No.  1042).  This  alloy  exhibited  no  age- 
hardenability  and  good  properties  only  in  conditions  having  fibrous  (as-extruded  type) 
microstructurei. 

(a)  Aa-lxtruded  Conditions  —  The  alloy  produced  an  ultra-fine-grained, 
fibrous,  warm-worked  microstructure  upon  extrusion  (Figure  68).  Anneal¬ 
ing  at  650'C  (1200'F)  did  not  change  microstructvre  or  hardness 
(DPH  100). 

(b)  Ixtrudod  +  Cold-Worked  Conditions  —  Cold  working  of  the  extrusion 
increased  hardness  somewhat  (DPH  120).  Annealing  at  650‘C  (1200‘F) 
softened  the  cold-worked  alloy  slightly  (DPH  100),  but  recrystallisation 
wu  not  apparent, 

(o)  Solutlonsd  4  Aged  Conditions  —  Solution  treatment  resulted  in  a  soft 
(DPH  60)  fine-grainsd  (S  |im)  recrystallized  material  (Figure  68).  No 
changes  were  produced  by  subsequent  aging  or  anneals. 

(d)  Solutlonsd  4  Cold-Worked  Conditions  —  Cold  working  of  solutioned 
material  produced  hardening  (DPH  100).  Subsequent  aging  at  4B0'C 
(900'F)  softened  (DPH  70)  and  recrystalliud  the  alloy  (Figure  68).  Further 
annealing  at  650‘C  (1200'F)  produced  no  further  changes. 

Becauu  of  the  low  alloy  concentrations  uud,  phuss  could  not  be  detected  or  studied  by 
cursory  X-ray  diffraotion. 

The  Alloy  1042  exhibited  highest  resistance  to  softening  and  was  hardest  In  the  as-extruded 
and  extruded  4-  cold-worked  conditions.  Since  both  conditions  were  very  similar,  the  as-extruded 
form  wu  choun  for  preliminary  tensile  tests.  This  alloy  condition  exhibited  average  strengths  at 
this  temperature,  (Table  20).  Failure  wu  by  localised  ductile  necking.  Little  mlcrostructural 
change  was  oburved  upon  tasting. 

(13)  Alloy  1043:  Cu-1.0KCr-3.0KAg 

Alloy  1043  wu  formulated  to  combine  the  age  hardening  cspabilities  of  chromium  and 
silver  additions.  The  alloy  wu  found  to  be  quite  susceptible  to  recrystallixatlon,  which  was  not 
surprising,  since  NASA-Z,  which  also  contains  3  percent  silver,  is  susceptible  to  recrystallization. 
Specific  responus  to  processing  are  described  below. 

(a)  Aa-lxtruded  Conditions  —  Alloy  1043  extruded  to  a  fine,  fibrous,  warm- 
worked  structure  (Figure  69)  with  a  hardness  of  DPH  130.  Annealing  at 
650*C  (1200‘F)  softened  (DPH  90)  and  recrystallized  the  material. 

(b)  Kxtrudad  4  Cold-Worked  Conditions  —  Cold  working  the  extrusion 
hardened  it  slightly  (DPH  150).  Subsequent  annealing  at  650‘C  recrystal¬ 
liud  and  softened  the  material  to  DPH  90  (Figure  69). 

(o)  Solutlonsd  4  Aged  Conditions  —  Solution  treatment  recrystallized 
(Figure  69)  and  softened  (DPH  75)  the  extrusion.  Subsequent  aging 
hardened  the  alloy  to  DPH  110,  but  farther  annealing  softened  it  back  to 
DPH  75. 
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(d)  Solutlontd  4-  Cold-Worked  Conditions  —  Cold  working  increased  the 
hardneu  of  solutioned  material  to  DPH  140.  Subsequent  aging  at  480*  C 
(000‘F)  produced  no  increaie  in  hardneae.  Further  annealing  at  660* C 
recrystallized  the  material  and  softened  it  to  DPH  76  (Figure  60). 


Alloy  1043  was  found  to  age  harden  in  a  manner  similar  to  other  Cu-Cr-X  alloys.  It  also  was 
found  to  be  most  stable  in  the  as-extruded  condition.  Therefore,  preliminary  tensile  test  material 
conditions  were  chosen  with  these  histories:  aa-extrudad,  and  solutionsd  +  cold-worked  4  aged. 

The  results  (Table  20)  did  not  show  much  difference  in  properties  between  the  two 
conditions.  As  with  the  other  two  silver-containing  alloys  (NASA-Z/996/999  and  1038),  this  alloy 
failed  by  diffuse  necking  and  cracking.  Voids  and  cracks  (at  grain  boundaries)  were  observed 
around  the  failure.  Recrystallization  was  evident  in  the  neck  region,  as  with  other  silver- 
containing  alloys. 

4.  IVALUATION  OP  NA8A-Z 

NASA-Z  is  NASA-LaRC’s  version  of  NARloy-Z".  The  primary  differences  between  the  two 
alloys  are  melting  source  (AMAX  for  NASA-Z),  melting  conditions  (NASA-Z  under  argon, 
NARloy-Z"*  in  vaccum),  and  processing  (NASA-LeRC  oversees  processing  [forging  +  heat  treat  j 
of  NASA-Z). 

Five  pieoes  of  NASA-Z  were  supplied  for  this  program,  Two  were  hollow  cylindrical 
forgings,  named  NASA-Z1  and  NASA-Z2.  The  other  three  were  apparently  either  pancake 
seotions  or  billet  slice  sections,  named  NASA-Z3,  4,  and  6.  NASA-Z1  and  2  were  originally 
believed  to  be  equivalent.  However,  test  specimen  blanks  revealed  the  presence  of  very  large 
(>  2mm)  grains  in  NASA-Z2,  Figure  70).  These  were  absent  from  NASA-Zl  (Figure  70). 
Additional  material  was  requested  and  supplied  as  NASA-Z3,  4,  and  6.  Miorostructures  of  these 
forgings  were  similar  to  NASA-Zl, 


The  miorostructure  of  NASA-Z  typically  exhibited  60-100  pm  equiaxed  grains.  The  grain 
boundaries,  and  to  some  extent  interiors,  exhibited  coarse  primary  Cu-Zr-Ag  precipitates 
(Figure  70).  Also  evident  were  annealing  twine,  and  intragranular  etch  attack  suggestive  of  fine 
precipitatee  from  the  aging  treatment. 

Preliminary  tensile  testa  were  done  on  NASA-Z  with  the  first  iteration  of  powder  alloys,  at 
a  strain  rate  of  6  percent  per  second.  The  results  (Table  20)  exhibited  very  high  elongations  and 
relatively  low  reductions  of  area.  Failure  was  by  grain  boundary  cracking  (Figure  71)  explaining 
the  low  reductions  of  area.  Extensive  grain  deformation  and  recrystallization  were  observed  in 
the  teat  specimens  —  indicative  of  a  high  level  of  work  hrrdening.  This  behavior  was  observed 
only  in  NASA-Z  and  other  silver-containing  alloys,  and  was  believed  to  result  from  silver  solid 
solution  or  precipitate  hardening  (although  precipitate  hardening  wae  never  found  to  be  more 
than  slight). 

Also  evident  in  NASA-Z  tensile  specimens  was  surface  roughening,  believed  to  result  from 
its  larger  grain  size.  Fine-grained  PM  alloys  (even  Cu-3%Ag-0.5%Zr)  did  not  exhibit  such 
roughening. 
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Figure  68.  Microstructures  of  Processed.  Alloy  1042 
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Figure  69.  Mirr  structures  of  Pi 
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Z  Tensile  Specimen  Tested  at  70S°C  (1300°F) 


Tensile  tests  at  10  percent  per  second  strain  rate  (for  characterization)  yielded  somewhat 
different  properties  (Table  20)  but  similar  structural  phenomena.  The  significantly  lower 
elongation  may  have  resulted  from  a  localized  furnace  gradient  found  later. 

8.  DISCUSSION 

Overall,  the  second-iteration  alloys  were  stronger  than  the  first-iteration  alloys.  Strengths 
were  alio  dependent  on  processing,  as  evidenced  by  the  twofold  increase  observed  with  Alloy  093 
when  processed  differently. 

The  strongest  alloys  at  705*C  (1300*F)  were 

993  Cu-l.lfcHf 

1032  Cu-0.7%Ti-0.8%Hf 

1035  Cu-0.8%Zr-1.096Cr 

Moderately  strong  alloys  were 


996/999  Cu*0.5%Zz*3.096Ag 

1036  Cu-0.8%Zr-0.7%Hf 

1038  Cu-0.8%Zr-1.098Cr-3.096Ag 

1042  Cu-1.496Co-0.4?6V 

1043  Cu-1.0%Cr-3.09&Ag 

Weakest  were 

995  Cu-0,8%Zr 

907  Cr-0,65Zr-0,05%B 


Those  alloys  based  on  chromium,  hafnium,  zirconium,  and  silver  additions  performed  best. 
Therefore,  novel  superior  systems  were  not  found,  The  novel  systems,  such  as  copper-cobalt- 
vanadium,  borides,  and  coppar-cobalt-chromiun,  were  inferior  to  more  conventional  systems. 
One  system,  Cu  +  ZrBa,  was  completely  unsuccessful. 

NASA-Z  ezhibited  properties  near  the  midpoint  of  the  PM  alloy  property  range.  The  most 
significant  difference  between  it  and  the  PM  alloys  was  its  large  grain  size.  This  appeared  to 
promote  the  surface  roughening  observed  on  tested  NASA-Z  tensile  specimens  and  absent  on 
other  alloy  specimens. 

Processing  was  Instrumental  in  demonstrating  equivalence  between  conventional  NASA-Z 
and  powder  metallurgy  NASA-Z  (Alloys  996/999).  Early  tests  of  powder  metallurgy  NASA-Z 
showed  it  to  be  weaker,  but  more  ductile,  than  conventional  NASA-Z.  Additional  processing 
work  resulted  in  materials  (999  HW  and  999  HWSA)  with  strengths  roughly  equivalent  to  or 
higher  than  those  of  conventional  NASA-Z. 

Microetructures  of  the  alloys  were  all  fairly  similar.  Thoee  that  did  not  contain  Ag  extruded 
to  warm-worked  structures  and  had  a  greater  tendency  to  stay  that  way.  Addition  of  silver  tended 
to  Increase  susceptibility  to  recrystalllization  during  extrusion,  sometimes  during  processing,  and 
during  testing,  possibly  by  increasing  the  strain  hardening  coefficient. 

Those  alloys  not  containing  silver  failed  by  smooth  localized  necking  (to  nothing).  Silver- 
containing  alloys  failed  by  diffuse  necking  and  grain  boundary  cracking.  The  diffuse  necking 
implied  a  greater  degree  of  strain-hardening  during  testing,  while  the  grain  boundary  cracking 
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indicated  a  grain  boundary  weakness  that  may  have  been  related  to  precipitate-free  zones  (seen 
in  NASA-Z)  or  dynamic  recryitallization  at  grain  boundaries  (seen  in  NASA-Z  tensile  testa). 

The  dispersions  formed  in  the  powder  metallurgy  alloys  were  not  u  fine  as  were  desired  for 
effective  strengthening.  About  an  order  of  magnitude  too  coarse,  they  resulted  from  the 
instabilities  of  the  compounds  used.  However,  attempts  (during  screening)  to  find  more  stable 
dispersions  were  unsuccessful.  By  the  start  of  the  second  powder  iteration,  extremely  fine 
dispersions  were  no  longer  expected  from  the  available  systems.  However,  benefits  from  the 
reduced  segregation  produced  by  rapid  solidification  were  still  expected.  Such  benefits  would  be 
most  evident  in  fatigue  testing  (covered  in  a  later  section)  and  in  hardware  manufacture. 


< 


4 


121 


8ECTI0N  V 

ALLOY  CHARACTERIZATION 


After  evaluation,  several  alloys  were  selected  for  characterization,  along  with  NASA-Z. 
Characterization  consisted  of  thermal  conductivity  testing,  tensile  testing,  creep  testing,  and  low* 
cycle  fatigue  (LCF)  testing  at  up  to  705'C  (1300*F)  which  was  the  maximum  anticipated  Orbital 
Transfer  Vehicle  (OTV)  chamber  temperature. 

These  properties  were  identified  by  preliminary  design  studies  as  having  the  greatest  effect 
on  thrust  chamber  performance  and  life.  Thermal  conductivity  testing  was  tailored  to  produce 
thermal  conductivities  over  the  entire  range  of  room  temperature  to  705'C.  Tensile  testing  was 
performed  at  540'C  (1000'F)  and  705*C  at  a  high  strain  rate  to  simulate  the  loading  experienced 
in  thruet  chamber  use.  Creep  testing  was  conducted  at  705'C  at  the  alloy  yield  stress  to  produce 
post-yield  creep  rates  to  predict  thrust  chamber  hold  behavior.  Low-cycle  fatigue  testing  was 
performed  at  706*0  under  strain  control  with  a  simple,  fully  reserved  no-hold  cycle  (a  more- 
sophisticated  test  was  not  defined).  LCF  strain  rates  were  high  to  simulate  thrust  chamber 
conditions.  LCF  strain  ranges  ran  from  0.75  percent  to  3  percent.  All  tests  were  conducted  in  a 
vacuum  or  in  argon  to  prevent  oxidation. 

Four  developmental  alloys  were  chosen  for  characterization,  along  with  NASA-Z.  These 
were  Alloys  993,  996,  1032,  and  1035,  Alloys  993,  1032,  and  1035  were  chosen  for  their  high 
strengths.  Alloy  995  was  chosen  because  of  its  similarity  to  Amzirc,  which  has  demonstrated 
better  LCF  performance  than  NASA-Z,  As  characterisation  progressed,  Alloy  1032  was  found  to 
have  very  low  thermal  conductivities  and  was  dropped  from  the  characterization  effort,  Alloy 
996,  processed  to  a  grain  size  equivalent  to  that  of  NASA-Z,  was  LCF  tested  to  determine 
whether  it  could  be  processed  to  yield  properties  equivalent  to  its  oonventionally-processed 
counterpart,  NASA-Z  (this  would  allow  the  fabrication  of  chambers  from  powder  metallurgy 
NASA-Z). 


The  alloys  were  characterized  in  the  following  conditions: 


993  Cu-l.lftHf 

995  Cu-0.6%Zr 

996  Cu-0.5%Zr-3%Ag 
1032  Cu-0.7%Ti-l.l%Hf 
1035  Cu-0.6%Zr-1.0%Cr 
NASA-Z 


Hot-worked  4-  solutioned  4-  cold-worked  (30%)  4-  aged 
As-extruded 

Hot-worked  +  solutioned  +  aged 
Solutioned  4-  cold-worked  4-  aged 
As-extruded 

As-supplied  by  NASA  LeRC 


Conditions  were  chosen  based  on  preliminary  tensile  tests  (last  section).  Alloy  993  was 
processed  to  the  type  of  condition  shown  to  produce  highest  strengths,  but  cold-worked  less  to 
Increase  ductility  somewhat,  Alloy  995  was  tested  as-extruded,  because  that  was  found  earlier  to 
be  its  strongest  condition.  Alloy  996  was  hot-worked  4-  solutioned  4-  aged  to  produce  a  condition 
that  was  microstructurally  similar  to  NASA-Z.  Alloy  1032  was  solutioned  4-  cold-worked  4-  aged 
because  that  condition  exhibited  significantly  higher  tensile  strengths  and  elongations  than  the 
as-extruded  condition.  Alloy  1036  was  tested  as-extruded,  because  this  condition  exhibited 
significantly  higher  ductilities  than  tho  slightly  stronger  extruded  4-  cold-worked  condition. 


1.  RESULTS  OF  CHARACTERIZATION  TESTING 


a.  Thermal  Conductivity 

Thermal  conductivity  was  measured  from  room  temperature  to  706*C  (1300'F)  by  thermal 
dlffUalvity  measurements  at  the  Purdue  Thermophysical  Properties  Laboratories.  The  difftisivity 
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method  vu  selected  because  it  allowed  the  use  of  a  relatively  small  specimen.  Purdue  was 
■elected  because  of  its  experience  in  measuring  both  specific  heat  and  thermal  diffuaivity,  which 
are  required  to  calculate  thermal  conductivity. 

Prior  to  testing,  all  specimens  were  annealed  (before  machining)  at  705‘C  (1300'F)  for  one 
hour  followed  by  air  cooling.  This  was  done  to  simulate  prior  exposure  to  the  705* C  use 
temperature. 

The  results  for  Alloy  993,  995,  1032, 1035,  and  NASA-Z  are  shown  in  Figure  72  (numerical 
results  are  tabulated  in  Appendix  A).  The  results  are  computed  from  Purdue  diffusivity  and 
specific  heat  data,  and  Pratt  &  Whitney  (P&W)  density  measurements  (995  and  NASA-Z 
density  measurements  were  temperature-corrected  using  data  from  (37)). 


Thermal  conductivity  results  for  Alloys  995  and  NASA-Z  were  in  reasonable  agreement 
with  thoee  of  NARloy-Z"1  and  Amxirc  obtained  from  the  literature.  Alloy  995  had  the  highest 
conductivities,  while  Alloy  993  had  conductivities  about  5  percent  lower  than  those  of  NASA-Z. 
Alloy  1035  was  essentially  equivalent  to  NASA-Z.  However,  Alloy  1032,  containing  titanium, 
exhibited  such  low  conductivities  that  it  was  dropped  from  the  characterization  effort. 

b.  Tenalle  Results 

The  selected  alloys  were  tensile  tested  at  540'C  (1000'F)  and  705'C  (1300‘F)  in  argon, 
using  a  strain  rate  of  10  percent  per  second  to  approximate  thrust  chamber  conditions.  Tensile 
strength,  0.2  percent  yield  strength,  elongation,  and  reduction  in  area  were  reported. 

Alloys  993, 995, 1035,  and  NASA-Z  were  tested.  Complete  results  are  tabulated  in  Table  20. 
At  705*C,  Alloy  1036  exhibited  the  highest  strengths.  Far  lower  in  strength  were  NASA-Z  and 
Alloy  993,  then  Alloy  995.  NASA-Z  exhibited  the  highest  elongation  but  lowest  reduction  in  area. 
At  540'C,  Alloy  993  was  strongest,  closely  followed  by  Alloy  1035,  and  then  NASA-Z  and  Alloy 
996.  The  powder  alloys  again  exhibited  significantly  higher  reductions  in  areas  than  NASA-Z. 
Strength  variations  were  observed  with  Alloy  993  at  540'C  and  attributed  to  grain  size  variations, 
finer  being  stronger.  Temperature  gradients  later  found  in  the  retort  may  have  affected  strengths 
and  elongations  somewhat,  but  should  have  done  so  consistently. 

Additional  tensile  tests  were  performed  on  Alloys  995  and  NASA-Z  at  low  strain  rates  to 
produce  proportional  limits  for  use  in  specifying  creep  tests.  The  results  (Table  21)  showed  that 
these  materials  were  very  strain-rate-sensitive  at  705‘C.  Tensile  strengths  dropped  by  up  to 
37  percent  with  the  decrease  in  strain  rate. 

c.  Creep  Teat  Results 

Creep  rates  were  measured  at  705‘C  (1300'F),  at  the  proportional  limits  of  the  alloys.  This 
was  intended  to  measure  creep  rates  at  the  yield  points,  so  as  to  determine  creep  resistance  in  the 
hold  portion  of  the  chamber  cycle.  Tensile  tests  were  carried  out  at  a  stain  rate  of  0.0005  per 
second  to  determine  the  proportional  limits,  and  creep  tests  were  conducted  at  the  respective 
proportional  limit  stresses  at  705'C.  Creep  test  loads  were  applied  at  a  strain  rate  of  0.1  per 
second. 
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□  NASA-Z 


TABLE  21.  -  ALLOY  CHARACTERIZATION  TENSILE  PROPERTIES 

(AVERAGED) 


AUm  -  Condition 

Ytiid  Stremth 
MPa  hit 

TtmiU  Strength 
MPa  hti 

Elongation 
in  4D  (%) 

Riduetion 

In  Ana  (%) 

Number 
of  Tuti 

TOS'C  (1300'F)  -  0,1/mc 

NASA'Zl 

54 

13.2 

111 

16.1 

71 

66 

3 

003  -  CWCAR 

37 

12.8 

08 

14.2 

21 

06 

2 

005  -  AE 

77 

11.2 

00 

13.1 

46 

08 

2 

1035  -  AS 

03 

13.3 

166 

24.1 

26 

80 

3 

540*0  flOOO'F)  -  0,1 /lie 

NASA>Z1 

125 

18.1 

186 

27.0 

37 

62 

3 

003  -  CWCAR 

183 

37.3 

228 

33.1 

20 

87 

6 

005  -  AB 

131 

17.6 

187 

22.3 

38 

08 

2 

1035  -  AB 

171 

34.8 

310 

31.3 

28 

88 

2 

705*0  (lSOQOF)  -  O.OOOS/ue 

NASAZ1 

65 

0.4 

70 

21 

63 

1 

005  -  AB 

60 

8.7 

65 

0.4 

23 

05 

l 

The  mult*  are  shown  in  Figure  78.  Even  though  tested  at  a  lower  stress,  Alloy  995 
exhibited  higher  creep  rates  and  shorter  lives  than  NASA-Z,  There  was  a  significant  amount  of 
scatter  in  the  results,  probably  resulting  from  the  difficulties  encountered  in  loading  the  sample 
at  such  high  strain  rates  and  stopping  quickly  at  the  test  stress. 


Figure  73.  High-Stress  Creep  Results  at  705°C  (1300'F)  for  NASA-Z  and  Alloy  995 
(Loaded  at  a  -  0.1/Second) 

Additional  creep  testing  was  not  performed.  Design  studies  concluded  that  creep  rate  had 
only  a  slight  effect  on  cyclic  strain  range.  In  light  of  this  conclusion  and  the  difficulty  of 
performing  these  testa,  they  were  discontinued. 
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d.  Low-Cyclo  Fatigue  Testing 

Low-cycle  fatigue  testing  of  Alloys  993,  995, 1035,  and  NASA-Z  was  conducted  as  part  of 
the  characterization  effort.  Alloy  996  was  also  tested  to  allow  comparison  of  its  properties  with 
those  of  its  counterpart,  NASA-Z.  Alloy  1032  was  tested  as  well,  as  part  of  the  specimen 
configuration  trials. 

Low-cycle  fatigue  testing  was  performed  at  705*C  (1300'F)  under  strain  control  in  a 
210  kPa  (30-psig)  inert  argon  atmosphere.  Tests  were  preformed  using  fully  reversed  cycles  (no 
holds)  at  a  frequency  of  0.5  Hz. 

Because  copper  alloys  had  not  been  LCF  tested  previously  at  P&W,  some  development 
work  was  necessary  before  valid  testa  could  be  performed.  This  work  included  test  maohlne 
selection  and  modification,  specimen  design  and  revision,  and  trial  testing. 

The  LCF  tests  were  performed  in  a  P&W  high-pressure  hydrogen  LCF  machine  because 
this  device  allowed  testing  of  a  high-conductivity  material  under  strain  control  in  a  controlled 
atmosphere.  This  was  the  most  appropriate  test  rig  available  at  P&W.  As  trial  testing  progressed, 
modifications  to  the  linear  variable  displacement  transformer  (LVDT)  extensometer  were 
needed,  adding  cooling  to  alleviate  the  overheating  experienced  in  early  testing  (attributed  to  the 
use  of  a  low-pressure  argon  atmosphere  Instead  of  high-pressure  hydrogen). 

Specimen  configurations  had  to  be  established  and  modified  also,  to  accommodate  the  high 
plastic  strains  encountered  in  this  testing  effort.  Initially,  the  specimen  was  configured  as  shown 
in  Figure  22.  The  cylinderical  gage  section  allowed  simple  calculation  of  otrain,  while  the  collars 
allowed  the  solid  attachment  of  the  extensometry  needed  for  the  high  strain  ranges  and  strain 
rates  planned  for  this  testing  effort.  As  trials  progressed,  a  new  specimen  evolved  (Figure  22) 
with  smaller-diameter  collars  to  avoid  collar  deformation,  a  shorter  gage  length  to  minimize 
buckling,  and  a  slightly  increased  shoulder  diameter  to  avoid  failure  outside  the  collar. 

Strain  rates  of  0.1/Kcond  were  initially  planned.  However,  testing  was  actually  conducted  at  strain 
rates  produced  by  a  cyclic  frequency  of  0.5  Hz:  0.0075  to  0.03/second  (depending  upon  strain  range),  as 
this  was  the  fastest  the  LCF  rig  could  be  run  in  a  precisely  controlled  manner. 

Trial  testa  established  a  failure  criterion  somewhat  more  sophisticated  than  complete 
fracture.  Since  the  specimen  could  not  be  observed,  fracture  could  not  be  seen  when  it  occurred. 
Specimens  removed  from  initial  trials  were  destroyed  because  testing  had  continued  for  several 
additional  cycles  after  fracture.  In  addition,  the  extensometry  could  not  accommodate  the 
collisions  of  the  post-fracture  specimen  halves.  It  had  been  observed  during  testing  that  the  cyclic 
stress  range  dropped  due  to  softening  at  a  rate  that  was  linear  when  plotted  logarithmically.  As 
failure  began,  the  stress  dropped  at  an  increasing,  nonlinear  rate.  Concurrently,  cusping  appeared 
on  the  stress-strain  hysteresis  loops,  at  stress  ranges  generally  corresponding  to  20  percent 
deviations  from  the  linear  relationship.  Since  cusping  generally  indicates  the  presence  of 
cracking  in  the  specimen,  failure  (Nf)  was  defined  as  the  point  at  which  at  20  percent  deviation 
from  the  linear  (log)  cyclic  stross-versus-cycles  relationship  occurred.  All  values  of  Nf  were 
calculated  in  this  manner.  Cycling  of  the  specimens  was  terminated  after  N,  was  reached  and 
before  complete  fracture  occurred,  avoiding  damage  to  the  specimens  and  the  extensometry. 

Results  of  the  LCF  testing  are  listed  in  Table  22  and  plotted  as  strain  range  versus  life  in  Figure  74. 
Alloy  993  exhibited  the  longest  life,  followed  by  Alloy  995.  NASA-Z  exhibited  significantly  shorter  LCF 
life,  about  25  percent  of  Alloy  993  at  3  percent  strain  range.  Alloy  996  fatigue  life  was  close  to  that  of 
NASA-Z.  Alloy  1035  exhibited  the  shortest  fatigue  life.  Presentation  of  the  data  as  plastic  strain  range 
versus  life,  Figure  75,  looked  essentially  the  same  as  total  strain  range  versus  life. 
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TABLE  22. 


COPPER  STRAIN  CONTROL  TEST  RESULTS 


Spttimtn  Strain 


Initial  Stmt 


Nf/2  Strut 
SWf 


Cycltt  to 


Spteimt  n 


p  i 1  i  1 1  i)  if 


Examination  of  the  LCF  specimens  (shown  in  Figure  76)  revealed  that  Alloys  993  and  996 
failed  by  formation  of  gross  shear  bands  and  yield  instabilities  along  those  shear  zones.  On  the 
other  hand,  NASA-Z  failed  by  formation  of  numerous  cracks.  These  failures  resembled  those  of 
the  tensile  tests,  where  the  963,  996,  and  other  silver-free  alloys  failed  by  localized,  very  ductile 
nocking,  whereas  the  NASA-Z  and  other  silver-containing  alloys  failed  by  uniform  necking  and 
cracking  (usually  along  grain  boundaries). 


Cycles  to  Failure,  Nt 


Figure  75.  Intlattic  Strain  at  NF/2  Versus  Cycles  to  Failure  for  Copper  Alloys  (Various 
Cycles;  True  Intlattic  Strain) 

Cyclic  stress  ranges  are  plotted  in  Figures  77a  and  77b,  and  show  that  NASA-Z  was 
cyclically  stable  while  Alloys  693, 996,  and  1035  all  softened  somewhat.  Evident  from  this  data 
was  the  tendency  for  the  alloys  that  exhibited  lower  cyclic  stress  ranges  to  exhibit  longer  lives. 
Alloy  1035,  which  was  strongest  in  tensile  testing  and  exhibited  the  highest  cyclic  stress  ranges, 
exhibited  the  shortest  cyclic  life.  Alloy  993  softened  during  testing  to  reach  one  of  the  lowest 
cyclic  stress  ranges  and  exhibited  the  longest  life. 

This  phenomenon  was  evaluated  through  the  analyses  of  hysteretic  damage.  When  the 
tensile  hysteretic  energy  at  N/2  (area  in  the  tensile  portion  of  the  cyclic  stress-strain  hysteresis 
loop)  was  plotted  versus  specimen  life  (Figure  73)  the  trend  for  life  to  increase  with  decreasing 
hysteretic  energy  was  very  obvious.  This  seemed  to  suggest  that  life  would  increase  even  farther 
with  softer  materials.  However,  that  was  not  the  case  in  earlier  tests  at  Mar-Test,  where  oxygen- 
free,  high-conductivity  (OFHC)  copper  exhibited  significantly  lower  lives  than  NARloy-Z”  and 
Amzirc  (3,  4,  6). 
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RSR  993,  1.5%  As,  N(  -  1420  R8R  995,  1.5%  As,  N,  -  1705 


NASA-24,  3.0%  Ae,  N,  -  142  NASA-Z5,  3.0%  As,  N,  -  198 


Figure  76,  Deformation  Characteristics  of  RSR  993,  RSR  995,  and  NASA-Z 
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Cyotoi  to  Fallura 


Figure  78.  Hysteretic  Energy  Damag a  Function  Venue  Cycles  to  Failure  for  Copper  AUoys 
(Various  Cycles i;  True  Inelastic  Strain) 

Bawd  on  LCF  taating,  Alloy  993  axhibitad  tka  graatait  potantial  for  uaa  In  a  long-ltfa 
rauMibla  t bruit  ohambar.  Alloy  995  waa  almoat  aa  good.  Alloy  096,  which  waa  a  powdar 
matallurgy  varaion  of  NASA-Z,  had  LCF  Ufa  about  aa  good  aa  that  of  NASA-Z,  damonatratlng 
that  NASA-Z  oompoiitlon  thruat  chambari  could  ba  mada  via  powdar  matallurgy  with  no  Ufa 
dabit. 


131 


8ECTI0N  VI 
CONCLUSIONS 


The  goal  of  this  program  was  to  develop  rapidly  solidified  powder  metallurgy  (PM)  high- 
conductivity  copper  alloyi  that  would  last  longer  than  NASA-Z  in  thrust  chamber  applications. 
The  intention  was  to  use  rapid  solidification  to  introduce  highly  stable  dispersions  to  strengthen 
and  stabilise  copper  at  temperatures  up  to  705'C  (1300*F).  Highly  stable  phases  such  as  borides, 
tillcidet,  and  high-temperature  intermetallics  were  studied,  as  well  aa  more  conventional,  less 
stable  copper-based  and  elemental  disperaoids.  The  high-stability  phases  were  found  to  be  either 
unprocessable  in  copper  or  of  no  more  benefit  than  zirconium  additions.  The  more  conventional 
phases  based  on  zirconium,  chromium,  hafnium,  and  silver  additions  were  the  most  beneficial. 

Based  on  the  best  available  test,  low-cycle  fatigue  (LCF)  Alloy  993  (Cu-l.l%Hf)  exhibited 
the  best  potential  as  an  improvement  over  NASA-Z,  with  705*C  LCF  lives  four  times  those  of 
NASA-Z  at  a  3  percent  strain  range.  Alloy  993  also  exhibited  higher  strengths  than  NASA-Z, 
with  thermal  conductivities  only  slightly  less  than  those  of  NASA-Z. 

Alloy  995  (Cu-0.6%Zr)  also  exhibited  LCF  lives  greater  than  those  of  NASZ-Z,  along  with 
better  thermal  conductivities,  but  with  slight  strength  debits. 

Alloy  1035  (Cu-0.69JZr*1.0$6  Cr),  which  exhibited  very  high  strengths,  exhibited  low  LCF 
lives  at  705 *C  (slightly  lower  than  NASA-Z).  Thermal  conductivities  were  equivalent  to  those  of 
NASA-Z. 

Finally,  LCF  testa  showed  that  powder  metallurgy  NASA-Z  (Alloy  996)  could  be  equivalent 
to  oast  +  wrought  NASA-Z,  so  with  some  development  work,  NASA-Z  chambers  could  be  made 
via  powder  with  no  life  debits. 

Thus,  the  result  of  this  program  was,  among  other  things,  the  identification  of  rapidly 
solidified  Cu-l.l%Hf  as  an  alloy  showing  great  potential  for  use  in  reuaeable,  long-life  thrust 
chambers.  To  bring  this  alloy  into  use,  concentration  effects  need  to  be  determined,  processing 
work  needs  to  be  done  to  better  control  microstructure,  some  LCF  testing  should  be  done  on 
other  processed  conditions,  and  more  sophisticated  cyclic  tests  should  be  developed  and 
performed. 

Other  tasks  suggested  by  this  program  are: 

•  Development  of  more-valid  cyclic  tests. 

•  More  cyclic  casting  of  other  conditions  of  Alioy  995  to  see  if  its  life  can  be 
Improved,  as  well  as  testing  of  Amzlrc  for  comparison. 

»  More  work  with  the  copper-zirconium-chromium  and  copper-chromium- 
based  systems  to  find  a  way  to  exploit  the  strength  levels  obtainable  with 
chromium  while  improving  LCF  resistance. 

•  More  study  to  develop  a  better  understanding  of  silver  effects,  so  as  to  support 
further  alloy  development  and  to  support  present  and  future  use  of  NASA-Z. 

•  More  work  aimed  at  introduction  of  stable  disperaoids  into  copper,  either 
through  rapid  solidification,  internal  oxidation,  coreduction,  or  mechanical 
alloying. 
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TABLE  23. 


THERMAL  CONDUCTIVITY  RESULTS 


Alloy 

Unltt ** 

aa*c 

(73'F) 

lOO'C 

(212'F) 

200'C 

Mi'F) 

300'C 

(67VF) 

■zm 

500'C 

(932'F) 

600'C 

(tm'F) 

700*C 

f!292*F) 

NASA-Z 

Watte 

334.S 

335.3 

336.1 

333.5 

332.8 

328.7 

324.2 

317.6 

BTU 

193.5 

1938 

194.3 

192.8 

192.4 

190,0 

187.4 

183,6 

993 

Watte 

327.3 

327.5 

322.6 

316.6 

309.7 

302.1 

296.5 

293.4 

BTU 

189.5 

189.3 

166,5 

183.0 

179.0 

174.6 

171.4 

169.6 

995 

Watte 

370.0 

370.9 

388.7 

363.1 

359.6 

354.8 

346.9 

337.7 

BTU 

213.9 

214.4 

213.1 

209.9 

207.8 

205.1 

200.6 

196.2 

1032 

Watte 

81.0 

93.2 

107.4 

122.7 

133.0 

140.3 

147.9 

156.6 

BTU 

46.8 

53.9 

62.1 

70,9 

76.9 

81.1 

85.6 

90.5 

1035 

Watte 

349.1 

340.6 

337.3 

334.6 

336.B 

329.4 

322.8 

317.3 

BTU 

201.8 

196.9 

195.0 

193.4 

194,1 

190.4 

186.6 

183.4 

"  Unit*  watta/m,  *C  and  BTU/ftt  hr,  *F, 

Spaaimtni  annaalad  704*0  (1300*F,I/1  hr/AG  prior  to  toot. 
NASA-Z  and  998  raiulta  corrcctad  for  thermal  mpanilon, 
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TABLE  24. 


TENSILE  TEST  RESULTS 


Yield  Teneile 


Alley 

Serial 

No, /Condition 

Teet 

Temperature 

Strain 
Rate  (i-l) 

Strength* 
MPa  hei 

Strength 
MPa  Hei 

Elongation 
in  4d  (%) 

Reduction 
in  Area  f%J 

NASA-Z 

1 

703‘C 

0,1 

— 

_ 

118 

17.2 

BO 

67 

87 

12,6 

110 

16.9 

71 

63 

82 

11.9 

108 

16.2 

61 

68 

708*C 

0.0B 

72 

10.8 

108 

16.6 

92 

78 

74 

10,8 

108 

16,6 

88 

79 

708*  C 

0.0008 

86 

9.4 

70 

10,2 

21 

63 

540*C 

0.1 

119 

17,3 

187 

27,2 

39 

66 

130 

18,9 

186 

26,9 

36 

88 

993 

AE 

708*C 

0.08 

73 

10,6 

92 

13.4 

SO 

96 

83 

9.2 

80 

11.6 

68 

98 

scwA-an 

706*C 

0.08 

80 

11,6 

98 

14,3 

34 

96 

87 

12,6 

103 

14.9 

38 

98 

HWSCWA 

70B*C 

0.1 

140 

20,3 

140 

20.3 

a 

92 

HWSA 

708*C 

0,1 

83 

9.1 

74 

10.8 

32 

91 

CWCAR-1 

70B*C 

0.1 

98 

13,8 

96 

14.0 

23 

96 

80 

11.8 

100 

14.6 

20 

96 

340*  C 

0,1 

229 

33,3 

236 

34.2 

16 

89 

174 

28.3 

177 

26.7 

13 

89 

CWOAR-3 

840'C 

0.1 

207 

30.1 

247 

38.9 

26 

87 

188 

24,4 

242 

38,2 

23 

84 

181 

23,4 

238 

34,8 

23 

86 

993 

AE-2 

703*  C 

0.08 

76 

11,1 

101 

14,8 

34 

97 

78 

11,3 

94 

13,7 

48 

98 

AE-3,  AB-4 

708*  C 

0.1 

79 

11.8 

92 

13,4 

44 

97 

74 

10,8 

88 

12,8 

47 

98 

708*C 

0.0006 

80 

8.7 

88 

9.4 

23 

96 

840*  C 

0.1 

120 

17,4 

147 

21,3 

40 

9B 

123 

17.9 

187 

24.2 

36 

97 

SCWA-211 

706*C 

0.06 

43 

8.2 

72 

10,4 

81 

97 

44 

6.4 

78 

11,3 

73 

99 

OQA 

Biro 

AE 

708*C 

0,08 

68 

9.8 

94 

13,7 

84 

90 

81 

8.9 

91 

13.2 

123 

91 

997 

AE 

708*  C 

0,08 

71 

10,3 

91 

13,2 

47 

96 

78 

10.9 

92 

13.4 

44 

98 

SCWA-111 

708*  C 

0.08 

48 

7.0 

73 

10.6 

78 

97 

48 

8,9 

74 

10,8 

66 

98 

QQQ 

wv 

8A 

708*C 

0,08 

83 

9.1 

101 

14,7 

77 

82 

81 

8.9 

91 

13.2 

120 

89 

— 

— 

96 

14,0 

97 

86 

SCWA-211 

708'C 

0.08 

_ 

_ 

106 

16,2 

78 

80 

73 

10.6 

101 

14.6 

83 

79 

88 

8.4 

99 

14.4 

72 

81 

HW 

708'C 

0.1 

112 

16.3 

128 

18.6 

42 

88 

HWSA 

708*C 

0,1 

73 

10.0 

114 

ia.e 

49 

87 

Suspected 

gradient** 
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TABLE  24.  -  TENSILE  TEST  RESULTS  (CONTINUED) 


Alloy 

Serial 

Tot 

Strain 

Yield 

Strength* 

Ttniil* 

Strength 

Elongation 

Seduction 

Suepected 

No,  /Condition 

Temperature 

Rat*  t‘e-1) 

MPa  /ut 

MPa  Alt' 

in  4d  (%) 

in  Area  (%) 

Gradient** 

1032 

AS 

706*0 

0.1 

83 

12.0 

114 

16.6 

32 

94 

X 

94 

13.7 

118 

17.2 

36 

94 

X 

— 

— 

116 

16.8 

27 

94 

X 

SCWA-1 

708*0 

0.1 

94 

13.7 

182 

22.0 

18 

92 

X 

100 

14.5 

149 

21.6 

45 

94 

X 

103 

14.9 

147 

21.4 

43 

92 

X 

1036 

AS 

706*0 

0.1 

97 

14.1 

166 

24.1 

31 

90 

X 

83 

12.0 

166 

23.9 

24 

88 

X 

96 

13,9 

168 

24.4 

23 

89 

X 

540*0 

0.1 

188 

23.0 

218 

31.7 

28 

87 

184 

26.7 

220 

01.9 

28 

88 

EC 

706*0 

0.1 

103 

14.9 

183 

26.6 

11 

88 

X 

91 

13.2 

180 

26.1 

9 

81 

X 

— 

— 

190 

27.5 

22 

90 

X 

1036 

AS 

708*0 

0.1 

86 

12.5 

128 

18.6 

28 

94 

X 

91 

13.2 

123 

17.8 

28 

94 

X 

1036 

AS 

705*0 

0.1 

92 

13,3 

136 

19.7 

33 

88 

X 

93 

13.6 

136 

19.7 

32 

88 

X 

92 

13.4 

132 

19.1 

24 

88 

X 

SA 

706*0 

0.1 

86 

12,6 

lie 

16.9 

48 

83 

X 

86 

12.4 

120 

17.4 

34 

81 

X 

86 

12.6 

114 

16.5 

33 

84 

X 

1042 

AS 

708*0 

0.1 

96 

13.0 

112 

16.3 

45 

88 

88 

12,8 

117 

17.0 

46 

88 

1043 

AS 

706*0 

0.1 

68 

9,9 

110 

16.9 

86 

69 

76 

11.1 

110 

16.0 

67 

41 

8CWA 

708*0 

0.1 

76 

11.0 

111 

16.1 

58 

46 

69 

10.0 

103 

16.0 

68 

62 

*  0.6  r1  (train  rata  taita  amployad  oroaahaad  deflactomatar  for  (train  data  colliction. 

**  Soma  taita  war*  oonductad  bafora  a  tharmal  (radiant  wu  found  In  tha  ftimio. 
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APPENDIX  B 

MISCELLANEOUS  PROCESS  STUDIES 
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I.  FORGING  TRIAL  OF  POWDRR  METALLURGY  ALLOY 


Development  of  a  powder-metallurgy  copper  thruBt  chamber  require!  that  the  powder- 
metallurgy  alloys  be  proceseable  into  forms  from  which  chambers  can  be  made.  A  small  study  was 
undertaken  to  determine  whether  hot-compacted  rapid  solidification  rate  (RSR)  copper  powder 
could  be  hot-forged  and  then  cold-worked  without  workability  problems.  The  powder  was  hot- 
compacted  because  that  process  resembled  hot  isostatic  pressing  (I1IP),  which  would  be  most 
appropriate  for  consolidation  of  large  thrust  chamber  preforms.  Forging  was  performed  because 
HIP  or  hot  compaction  would  not  be  expected  to  work  the  microstructure  sufficiently  prior  to 
use.  Cold  working  was  evaluated  because  some  chambers  are  cold-spun  to  shape.  Alloy  907  (-80 
mesh)  was  used  because  it  was  available. 

The  powder  was  hot-compacted  as  described  in  the  earlier  Procedure  section.  A  2.5  cm- 
diameter  by  4.6  cm-long  cylinder  was  machined  and  then  forged  isothermally  (the  only  method 
available  at  Pratt  &  Whitney)  at  760*C  (1400*F),  using  a  strain  rate  of  0.1/minute,  to  a  total 
upset  of  85  percent  (6  mm  thick).  The  resulting  pancake  is  shown  in  Figure  79.  No  cracking 
occurred. 


The  pancake  was  then  cold  cross  rolled  60  percent  (2.5  cm  thick).  Again,  no  problems  or 
cracking  occurred  (Figure  79).  The  resulting  microstructure  (Figure  80),  was  very  fine  grained: 
less  than  10  pm  grain  size. 

This  study  demonstrated  the  feasibility  and  ease  of  processing  powder,  via  HIP 
consolidation,  into  useable  thrust  chamber  performs. 
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II.  PRODUCTION  OF  NA8A-Z  MATERIALS  AT  PRATT  A  WHITNEY  (PAW) 

Initial  supplies  of  NASA-Z  provided  by  NASA  Lewis  Research  Center  (LeRC)  were  limited. 
When  it  became  evident  that  testing  needs  exceeded  these  supplies,  an  effort  was  made  to 
produce  conventional  NASA-Z  at  PAW  (This  was  called  PWNASZ  to  differentiate  it  from  LeRC 
material). 

The  alloy  (Cu-0.5%Zr-3.0%Ag)  was  a  vacuum  -induction  melted  (VIM  No.  1866  —  see  the 
earlier  Procedure  section  for  specifics)  and  cast  into  two  cylindrical  ingots  (10  cm  diameter  by  22 
cm).  The  pipe  was  cut  off  the  ingots,  which  were  then  machined  into  right  cylinders  for  hot 
working. 

One  cylinder,  PWNASZ-1  (85  mm  diameter  by  110  mm  long)  was  pancake  forged  to  17  mm 
thick  in  an  isothermal  forging  press  at  845‘C  (1550'F)  and  a  strain  rate  of  0.1/minute.  The 
resulting  pancake,  shown  in  Figure  81,  was  free  of  cracks  and  looked  very  good. 


The  other  cylinder,  PWNASZ-2  (74  mm  diameter  by  125  mm),  was  hot-extruded  at  845‘C 
(1550‘F)  and  22:1  extrusion  ratio  into  a  16  mm-diameter  bar  (see  the  Procedures  section  for 
other  data).  It  also  worked  well  without  cracking,  but  the  extrusion  was  not  very  straight. 

Upon  completion  of  hot-working,  additional  NASA-Z  was  supplied  by  NASA  LeRC,  so  the 
PWNASZ  was  not  processed  ftirther. 
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20  iim 


Figure  80, 


Figure  81. 


Mkrostructurs  of  Alloy  997  After  Hot  Compacting  +  Hot-Forging  +  Cold-Rolling 
+  Annealing  at  6S0aC  (1200aF) 


NASA-Z  Composition  Pancake  Cast  +  Hot-Forged  at  P&W  (Scale  is  in  Inches) 
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III.  MIT  MATERIALS 


Two  of  th*  alloy*  produced  by  the  Mauachutetts  Inatituta  of  Technology  (MIT)  were 
conaolidated  at  P&W,  The  alloy*  were  canned  and  consolidated  by  hot  extrusion.  Two  extruaion 
can*  were  filled  with  the  following  alloys: 

MIT-4:  -76+45-mlcron-diameter  Cu-l.l%Hf  powder.  Powder  made  at  P&W 
(run  993),  screened  at  MIT  to  size  fraction,  hydrogen-reduced  at  MIT. 

MIT-6:  Attrited  Cu-Hf-0  flakes.  Powder  made  at  P&W  (993  —  Cu-l.l%Hf). 

MIT  screened  75-micron  size  fraction,  attrited  powder  12-30  hours  in 
Szegvari  attritor  in  ethanol  to  produce  flakes  and  oxidize  hafnium  to 
haftiia,  dry-ball  milled  under  argon  for  30  hours  (to  spheroidize), 
reduced  in  hydrogen. 

The  extrusion  cans  were  filled  using  the  following  hot  pumpdown  technique: 

1.  The  extrusion  can  was  filled  with  th*  particulate  in  the  drybox,  capped, 
transferred  to  the  outgasser,  uncapped,  and  quickly  attached. 

2.  The  system  and  filled  can  were  pumped  out  for  2  hours  cold.  System 
vacuum  levels  were  about  5X10"S  microns,  Meanwhile,  a  thermocouple  was 
affixed  to  the  can,  the  can  was  wound  with  mchrome  heater  tape,  and  the 
assembly  was  wrapped  with  insualtion. 

3.  After  the  2-hour  cold  pumpdown,  the  heater  was  turned  on,  with  an  upper 
limit  of  450'C  (840*P).  Pumping  continued  through  heating.  The  following 
steady-state  can  outer  diameter  temperatures  were  reached  after  about 
3  hours: 

MIT-4:  415*C  (789’P) 

MIT-6:  460*C  (840'P) 

4.  Hot  pumping  continued,  while  maintaining  a  system  vacuum  of  about 
6X10~IQ  microns.  When  a  total  pumping  time  of  24  hours  had  been  reached, 
filler  tub*  was  crimped,  and  the  heater  was  turned  off.  The  filler  tube  weld 
seal  was  mad*  after  the  can  had  cooled. 

Both  alloys  were  extruded  at  700‘C  (1290'F),  with  an  extrusion  ratio  of  20:1  (other  specifics 
of  th*  extrusion  process  can  be  found  in  the  Procedure  section). 

The  first  alloy,  MIT-4,  extruded  to  a  mlcrostructur*  typical  of  Alloy  993  (Cu-l.l%Hf). 

The  second  alloy,  MIT-5,  waa  a  copper-hafnium  alloy  that  had  been  attrited  in  ethanol  to 
promote  oxidation  of  some  of  the  hafnium  to  produce  a  fine  dispersion  of  hafhia.  The  resulting 
flakes  had  been  dry-ball  milled  to  agglomerate  them  so  they  would  pack  better  in  an  extrusion 
can.  The  particulates  supplied  by  MIT  are  shown  in  Figure  32.  They  exhibited  a  layered  structure 
presumed  to  result  from  the  flakes,  and  holes. 


Extrusion  of  the  flake  alloy  resulted  in  the  structure  shown  in  Figure  83.  Voids  and 
elongated  structures  (believed  to  have  been  prior  particulates)  were  evident.  The  voids  were 
believed  to  have  resulted  from  incomplete  consolidation  (due  to  the  holes  in  the  particulates  and 
due  to  the  poor  packing  efficiency  of  the  coarse  particulates)  or  entrapped  gasses.  Hot  swaging  50 
percent  at  780*C  (1400'F)  closed  many  of  the  voids  (Figure  83). 

However,  annealing  at  870*C  (1800*F)  appeared  to  reopen  some  of  the  voids,  indicating 
possible  entrapped  gases.  Hydrogen  analyses  revealed  a  hydrogen  concentration  of  20  ppm  (wt). 
This  was  much  greater  than  the  solubility  limit  given  by  Elliot  (27),  so  hydrogen  entrapment  may 
have  caused  the  voids. 

The  MIT-5  flake  alloy  bar  was  hot-swaged  50  percent  at  760'C  (1400‘F)  and  subjected  to 
705*C  (1300'F)  compression  tests.  Compression  testing  was  used  because  it  might  be  less 
sensitive  than  tensile  testing  to  the  void  defects. 

Compression  test  specimens  were  6  mm-dlameter  by  19  mm-long  right  cylinders.  Tests  were 
conducted  on  an  MTS  servohydraulic  programmable  tensile  tester,  equipped  with  special 
extensomoter-capable  compression  test  grips.  The  specimen  and  linear  variable  displacement 
transformer  (LVDT)-type  extenaometers  were  attached  to  the  grips,  and  thermocouples  were 
attached  to  the  specimen.  The  assembly  was  heated  in  a  clamshell  furnace,  heating  the  specimen 
to  706*C  (1300*F).  The  specimen  was  held  30  minutes  at  temperature  and  then  compressed  at  a 
strain  rate  of  0.001/second  Force  and  strain  data  were  collected  on  an  X-Y  plotter.  Yield 
strength  (0.2  percent)  was  reported  Four  tests  wers  performed 

Results  of  the  compression  tests  are  shown  in  Table  25,  along  with  the  slow-strain-rate 
yield  strengths  found  earlier  for  NASA-Z  and  Alloy  995.  The  yield  strengths  for  the  flake  alloy 
were  much  tower.  A  tested  specimen  is  shown  in  Figure  84.  All  of  the  compression  specimens 
exhibited  bending  of  the  prior  particles  and  decohesion  between  the  particles.  Recryetallixation 
was  not  evident. 


A  fine  dispersion  was  seen  in  the  flake  alloy  by  transmission  electron  microscopy  (TEM), 
Figure  85.  It  could  not  be  conclusively  identified  although  electron  diffraction  patterns 
somewhat  resembled  those  of  kafhia. 


This  was  a  cursory  evaluation  of  the  MIT  materials,  since  full  evaluation  of  these  materials 
was  part  of  the  MIT  effort. 
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Figure  83.  Microstructures  of  Processed  MIT  Cu  Hf  HfOz 


TABLE  25.  -  YIELD  STRENGTHS  OF  MIT-5,  NASA-Z,  AND  ALLOY  995  AT 

705*C  (lSOO'F) 


YitU 

Stnngth 


AHm 

Condition 

MPa  htl 

So.  of 

Tiiti 

Tut  T\pt 

MIT-5 

Hot  Sw*|t 

10 

0.7 

4 

Compnwion 

006 

Aj-«trud»d 

60 

8.7 

1 

Tnttil* 

NASA-Z 

A*-iuppli*d 

65 

0,4 

1 

Ttntilt 

Strain  raU  ■  0,0006/Mcond  Until*,  0,001/wcond  compnuivt. 
T»n«ll»  U»t  In  ar«on:  ooraortMlon  In  air. 


« 
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Figure  85,  Electron  Micrographs  of  Extruded  +  Hot- Swaged  MIT  Cu-Hf-HfO}  Flake  Alloy 
(TEM-Foil) 
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APPENDIX  C 
NARLOY-Z"  BASELINE 
MATERIAL  PROPERTY 
VARIATION  STUDY 
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FOREWORD 


This  docummt  presents  an  assessment  of  the  Impact  of  variations  in  candidate  material 
properties  in  a  thrust  chamber  liner  for  use  in  an  advanced  Orbital  Tranafer  Vehicle  (OTV) 
rocket  engine.  The  work  was  conducted  by  Pratt  &  Whitney/Go  vsmment  Products  Division 
(PAW/GPD)  of  the  United  Technologies  Corporation  (UTC)  for  the  National  Aeronautics  and 
Space  Adminlatration  —  Lewie  Research  Center  (NASA-LeRC)  under  Contract  NAS3-23S68- 
0.1  with  Mr.  J.  M.  Kaxaroff  as  Task  Order  Manager. 

Mr.  J.  R.  Brown  was  the  Program  Manager  for  this  effort,  and  Messrs.  M.  E.  Combs, 
J.  S.  McPherson,  and  J.  H.  Moors  were  the  principal  investigators.  Mr.  M.  E.  Combs  was  the 
author  of  this  report. 
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SECTION  C.1 
INTRODUCTION 


The  design  and  development  of  a  durable,  reusable  rookat  propulsion  systam  for  an  Orbifc 
Transfer  Vahiola  (OTV),  as  ourrantly  planned  by  NASA,  requires  the  identification  and 
development  of  a  suitable  material  for  use  in  the  rocket  engine  combustion  chamber  liner,  Such  a 
material  must  be  able  to  withstand  prolonged  engine  operation  at  high  temperatures  and  high 
pressures,  as  well  as  the  cyclic  effects  of  multiple  starts  and  multiple  thrust  levels. 

Current  OTV  rocket  engine  design  concepts  are  based  on  those  developed  under  the 
Advanced  Bapandar  Cycle  Engine  Point  Design  (Contract  NAS8-33587).  The  most  promising 
materials  to  date  for  the  OTV  application  Include  copper  alloys  such  as  copper-rirconium, 
copper-silver,  or  a  oopper-silver-iirconium  system  similar  to  NARloy-Z,  a  proprietary  alloy 
developed  by  Rocketdyne  (Ref.  37).  The  thermal  conductivity  of  copper  allows  sufficient  heat 
transfer  to  cool  the  chamber  for  increased  life  while  heating  the  fuel  for  improved  engine 
efficiency. 

NARloy-Z  has  demonstrated  longer  chamber  life  capability  than  other  oopper  base  alloys, 
but  its  high-temperature  LGF  properties  fall  short  of  those  desired  by  Pratt  and  Whitney  for  the 
OTV  application.  Test  chamber  results  indicate  that  most  cracks  initiate  from  inclusions  in  the 
material  (Ref.  37).  The  current  program  (under  Contraot  NAS3-23E68)  has  as  its  goal  the 
development  of  a  rapidly  solidified  alloy  that  satisfies  the  OTV  thrust  chamber  material  property 
requirements.  It  Is  believed  that  rapid  solidification  and  selective  alloying  will  reduce  or 
eliminate  undesirable  inclusions  and  will  produce  fine,  stable  dispersions  for  LCF  property 
enhancement.  ~.j 
.*  ,.( * 

The  purpose  of  the  study  presented  in  this  report  is  to  determine  the  impact  of  variations  of 
mechanical  materiel  properties  on  thrust  ohamber  strain  range,  using  NARloy-Z  as  a  material 
baseline.  Some  tradeoffs  in  material  properties  may  be  neoessary  in  order  to  achieve  the  required 
properties  for  the  OTV  thrust  chamber  application.  Since  strain  range  is  directly  related  to  LCF 
life,  the  impact  on  strain  range  is  an  indication  of  the  impact  on  life.  However,  the  chemistry 
changes  that  may  be  required  to  achieve  the  desired  properties  may  affact  the  LCF  capability. 
While  strain  range  can  be  predicted,  the  LCF  capability  of  an  alloy  cannot  be  predicted  The  LCF 
capability  of  candidate  materials  will  be  evaluated  by  thermal-mechanical  specimen  tests. 
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SECTION  C.2 
ANALYSIS 
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* 


The  affect  of  the  variation*  in  materiel  properties  on  strain  range  was  analytically 
determined  with  a  computer  modal  of  the  thruat  chamber  wall.  The  analysis  used  a  MARC  three- 
dimenaional  (8-D)  finite  element  model  of  the  am  of  the  thrust  chamber  where  strains  were 
predicted  to  be  maximum.  Temperatures  and  pressures  were  incremented  through  transient 
conditions  simulating  start-up  to  maximum  thrust  to  shutdown.  The  analysis  began  with  a 
baseline  model  using  NARloy-Z  properties  for  the  coolant  tube  passage  and  an  electroformed 
nickel  close-out.  Subsequent  analyses  varied  the  material  properties  of  the  coolant  passage,  one 
property  change  at  a  time,  to  determine  the  effects  of  individual  property  changes  on  strain 
range. 


C.2.A  Mare  Analysis 

Thruat  chamber  strains  and  maximum  strain  locations  were  determined  using  a  three- 
dimensional  (3-D)  elastic-plastic  MARC  analysis.  MARC  is  a  general  purpose  finite  element 
analysis  program  whose  capabilities  include  non-linear  analysis  (l.e.,  plasticity,  creep,  large- 
displacement),  as  well  as  heat  transfer,  buckling,  etc.  The  model  consisted  of  20-node 
isoparametric  brick  elements  with  27  internal  integration  points  (MARC  element  21,  Figure  86). 
The  analysis  was  stepped  through  a  series  of  temperature  and  pressure  increments,  simulating 
the  transient  conditions  of  a  mission  cycle  from  start-up  to  maximum  thrust  to  shutdown.  The 
solution  of  esch  increment  became  part  of  the  cumulative  history  of  the  mission  cycle  before  the 
next  increment  was  applied,  as  required  for  elastic-plastic  analysis.  Stress-strain  behavior  was 
approximated  using  a  piecewise  linear  (tangent  stiffness)  approach.  An  initial  elastic  solution 
was  scaled  to  the  yield  point  where  the  elastic-plastic  solution  began.  In  general,  load  increments 
above  the  yield  point  were  kept  at  10  percent  or  less  of  the  load  at  the  yield  point  to  prevent  drift 
from  the  yield  locus. 


MARC  Element  Type  21  - 
•  20  Nodes  (8  Vertex  Nodes, 
12  Mldside  Nodes) 
e  Isoparametrlo  (2nd  Order) 
e27  Integration  Points 
e  Eaoh  Edge  May  Be  Parabollo 


Figure  86.  MARC  20-Node  Isoparametric  Brick  Element 
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Experience  has  shown  that  a  3-D  model  is  required  with  this  type  of  configuration  and 
loading  to  accurately  predict  strains  (Ref.  38).  An  original  consideration  was  to  do  the  baseline 
material  study  with  a  3-D  analysis  and  the  comparitive  studies  of  varying  material  properties 
with  a  simpler  two-dimensional  (2-D)  model  at  the  maximum  strain  location,  based  on  the 
results  of  the  3-D  analysis  (Ref.  39).  However,  the  timely  availability  of  a  lower-cost  computer 
job  priority  classification  at  Pratt  and  Whitney  allowed  an  85  percent  reduction  in  computer 
costs  for  certain  large-volume,  overnight  computer  jobs.  Consequently,  it  was  decided  to  use  the 
3-D  analysis  in  the  comparitive  material  studies  aa  well  as  in  the  baseline  study  for  additional 
accuracy  it  reduced  cost.  It  will  he  shown  that  the  3-D  analysis  predicted  axial  shifts  in 
maximum  strain  locations  that  would  not  have  been  predicted  with  a  simpler  2-D  model.  The 
shifts  were  due  to  internal  load  re-distributions  for  some  of  the  material  property  variations. 

C.2B  Configuration 

Current  OTV  rocket  engine  design  concepts  are  based  on  those  developed  under  die 
Advanced  Expander  Cycle  Engine  Point  Design  (Contract  NAS8-33S67).  The  thrust  chamber 
liner  in  this  configuration  has  axial  coolant  passages  with  longitudinal  ripples  formed  over  each 
passage  (Figure  87).  The  ripples  have  been  shown  analytically  to  reduce  strains  in  the  chamber 
well  (Ref.  40).  The  liner  is  composed  of  a  candidate  copper  alloy  (the  material  under  study),  and 
an  electroformed  nickel  closeout. 


Figure  87.  Combustion  Chamber  Configuration  With  Longitudinal  Ripples  Over  Coolant 

Passages 


The  MARC  model  was  constructed  to  include  the  highest  strain  location  predicted  by  thick- 
wall  cylinder  equations.  The  highest  strain  location  occurred  near  the  peak  temperature  location 
on  the  inner  wall  of  the  chamber,  approximately  one  inch  upetreem  of  the  nozzle  throat  plane 
(Figure  88a).  The  MARC  model  coneisted  of  a  length  of  the  chamber  wall  from  the  nozzle  throat 
plane  to  a  point  two  inches  upstream,  allowing  about  one  inch  length  fore  and  aft  of  the  predicted 
highest  strain  location.  The  half-width  of  a  single  coolant  passage  was  modeled  between  radial 
symmetry  planes,  or.e  plena  passing  through  the  centerline  of  the  passage  and  the  other  plane 
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pasting  through  the  centerpoint  between  passaged  (Figure  P°b).  The  size  of  the  elements  was 
varied  so  that  areas  of  high  temperature/high  strain  gradients  consisted  of  more  elements  (a  finer 
mesh),  and  areas  of  nearly-constant  temperature  consisted  of  fewer  elements  (Figure  69),  saving 
computer  time  and  cost  without  loss  of  accuracy.  Each  side  was  constrained  to  move  parallel  to 
the  radial  symmetry  plane  defining  it  (Figure  90). 

C.2.C  Material  Properties 

The  thrust  chamber  liner  consisted  of  a  machined  copper  alloy  coolant  passage  (the 
candidate  material  under  study)  and  an  electroformed  nickel  closeout.  NARloy-Z  (Cu-3%Ag- 
0.5%Zr)  was  chosen  as  the  basis  for  the  material  properties  of  the  copper  alloy  in  this  study  since 
it  has  demonstrated  longer  chamber  life  capability  than  other  copper  alloy*  tested  to  date 
(Ref.  37).  NARloy-Z  is  a  proprietary  alloy  developed  by  Rocketdyne.  The  properties  for  NARloy- 
Z  were  obtained  from  industry  literature  on  copper  base  alloys  (Refs.  37,  41,  and  42).  The 
properties  for  the  electroformed  nickel  dose-out  were  obtained  from  industry  data  used  in  the 
design  study  described  in  Ref.  40. 

A  busline  analysis  wu  first  done  using  NARloy-Z  properties  for  the  candidate  material. 
Subsequent  analyses  varied  the  candidate  material  properties  from  the  baseline,  one  property 
change  at  a  time,  to  determine  the  effect  of  each  property  change  on  strain  range.  The  amounts 
of  the  changes  were  based  on  a  study  of  the  variability  of  material  properties  in  current  copper 
bue  alloys.  Based  on  the  literature  survey,  the  material  properties  of  copper  alloys  can  vary  from 
thou  of  NARloy-Z  by  the  amounts  shown  in  Table  26,  u  follows. 
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'  Highest  Strain  Oocurt  Naar  Araa  of 
Hlghaat  Matal  Tamparatura - 


/ 


a.  Langth  of  Modal  Ihcludaa  fcradlctad  Araa 
of  Hlghaat  Matal  Tamparatura 


Figure  88.  Section  of  Thrust  Chamber  for  MARC  Model 


8 action  A- A. 

Detail  Vlaw  ol 
Typical  Croaa-8eotlon 


Modal  Compoaad  of 
Thraa-DImanalonal  (3-D) 
Brlok  Elamanta 


View  A 


View  B 


Figurt  90.  MARC  Modal  Boundary  Constraint s 

Tablt  26.  Matsrial  Propsrty  Variations  of  Coppsr  Bass  Alloys 


Variation 

_ Klattrial  Property _ JMctjua  to  NARlov-Z 

Young1!  Modulus  (E)  -80*  to  +38* 

Coat  of  Therm  tJ  Eipaniion  (a)  -SB  to  +8% 

Yield  Stress  (oj  -58*  to  +185% 

Coof,  of  Thermal  Conductivity  (k)  -15*  to  +10* 

Creep  Strain  Rato  (  a,  )  0.8X  to  5 .OX 


Uoing  tha  vaJuoi  in  Tablo  26  aa  guidelines,  a  MARC  analysis  waa  performed  for  each  of  the 
material  property  changea  listed  below  to  determine  the  isolated  effeot  of  each  change  on  thrust 
chamber  strain  range.  The  analyses  of  the  following  property  changes  did  not  include  creep 
affects: 


•  Baseline  (NARloy-Z),  with  no  creep  •  450%  oy 

•  +85%  E  *  -50%  oy 

•  -20%  E  .  +10%  k 

•  +10%  a  •  -15%  k 

•  -10%  a 

The  remaining  MARC  rune  included  creep,  assuming  ten  minutes  hold  time  at  full  throttle, 
to  determine  the  effects  of  changes  in  creep  strain  rate,  as  follows: 

•  Baseline  (NARloy-Z),  with  creep 

•  5.0X  8, 

•  0.2X  e. 

The  baseline  run  and  all  varying  material  property  runs  involved  only  one  cycle  to  obtain 
the  relative  effects  of  property  changes  on  total  strain  range  in  the  chamber  wall.  Actual 
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mat* ri ill  may  tand  to  harden  or  soften  with  time;  howavir,  the  strain  rang*  la  not  eipeoted  to  ba 
aignifloantly  different  from  that  predicted  in  the  MARC  analyses.  The  mean  strain  may  vary,  but 
since  the  determination  of  LCP  life  is  more  dependent  on  strain  range  than  on  mean  strain,  it  is 
fait  that  the  analysis  of  one  cycle  was  sufficient  for  the  purpose  of  comparison  without  loss  of 
accuracy. 

Creep  is  a  complicated  phenomenon  that  is  very  dependent  on  time-related  properties. 
Hardening  and  softening  characteristics  that  affect  creep  ratcheting  after  several  cycles  can  only 
be  determined  by  specimen  tests  of  candidate  materials.  Thermal-mechanical  tests  with  creep* 
dwell  should  also  be  done  to  evaluate  the  effect  on  LCF  capability. 

The  effect  of  the  cyclic  strain  rate  ia  another  parameter  that  can  only  be  evaluated  by 
testing.  The  LCF  specimen  tests  will  address  this  parameter;  however,  the  high  cyclic  strain  rate 
expected  in  an  actual  rocket  thrust  chamber  during  real  mission  usage  may  not  be  achieved  in 
specimen  testa  due  to  laboratory  equipment  limitations. 

C.2.D1  Mission  Cycls 

The  model  was  subjected  to  a  loading  cycle  simulating  ths  conditions  of  an  OTV  mission 
from  utart-up  to  maximum  thrust  to  shutdown.  Figure  91  illustrates  the  nature  of  the  cycle  by  the 
thermal  response  of  the  peak  temperature  location  in  the  chamber  wall  vs  time.  The  initial 
cooldown  phase  of  the  cycle  occurred  as  fuel  flowed  through  the  coolant  passages  prior  to 
ignition.  The  cooldown  was  assumed  to  lower  the  temperature  of  the  thrust  chamber  from  70'F 
to  a  uniform  -100'F.  The  acceleration,  set  to  begin  at  time  0,  brought  the  engine  to  full  throttle 
in  1.022  seconds.  The  engine  was  held  at  full  throttle  until  the  thermals  approachsd  steady  state, 
at  7.987  seconds  into  the  cycle. 


10  min  Dwell  Tima 

Pul  for  Oreep 

Throttle  Steady-State  Analysis 


Figure  91.  Thermal  Response  of  Hot  Spot  us  Time 
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At  the  steady-state  point  (7.987  seconds),  two  courses  were  taken  in  the  remainder  of  ths 
analysis.  For  all  matarial  proparty  atudiaa  except  craap  atrain  rata,  tha  angina  waa  immediately 
decelerated  to  shutdown.  The  daoalaration  raquirad  1.912  aaconda  to  shutdown  (9.899  seconds 
into  tha  cycle),  and  an  additional  2.411  aaconda  following  tha  shutdown  for  thermals  to  approach 
steady  state.  For  tha  craap  atrain  rata  study,  the  angina  was  hald  at  full  throttla  for  an  additional 
10  minutes  after  tha  steady-state  point  to  exercise  tha  craap  option  in  tha  MARC  analysis.  Tha 
angina  was  than  daoalaratad  following  tha  10-minute  hold  in  tha  same  manner  as  described 
above. 

To  simulate  tha  transient  conditions  of  tha  mission  cycle,  tha  analysis  was  stepped  through 
a  series  of  temperature  and  pressure  load  increments,  corresponding  to  specific  timepoints 
throughout  tha  mission.  Individual  temperatures  ware  calculated  and  assigned  directly  to  each 
integration  point  for  each  element  of  the  MARC  modal.  These  temperature  values  ware 
generated  for  each  increment  through  tha  mission  by  means  of  in-house  heat  transfer  decks.  The 
same  temperature  values  were  used  for  all  material  variation  studies  except  that  of  thermal 
conductivity,  for  which  separate  heat  transfer  analyses  were  required  for  new  temperature  values. 

The  fuel  pressure  inside  the  coolant  passage  was  assumed  to  inorease  linearly  with  time 
during  the  first  1,022  seconds  of  the  acceleration,  from  0  psi  to  3900  psi.  The  combustion  pressure 
in  the  thrust  chamber  (outside  the  coolent  passage)  waa  assumad  to  respond  similarly,  from  0  psi 
to  1560  psi.  Both  pressures  remained  constant  during  foil-throttle,  and  decreased  linearly  with 
time  to  0  psi  at  deceleration.  Figure  92  shows  the  response  of  the  pressure  loads  with  time. 
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SECTION  C.3 

RESULTS 


Output  from  the  MARC  analyai*  included  atrauai,  atrain*,  deflection*,  and  temperature*. 
MARC  provided  output  data  for  every  integration  point  of  every  element  in  the  model,  and  for 
eaoh  increment  throughout  the  miaaion.  The  volumlnoue  output  from  each  MARC  run  wee 
atored  on  magnetic  tape  for  interactive  graphica  poit-procaaeing.  Plota  of  atre****,  strain*,  and 
temperatum  via  MARC  postprocessing  utilitiea  were  uaed  to  determine  the  critioal  value*  and 
location*  in  the  modal,  and  to  obeerve  their  behavior  aa  a  function  of  time. 

The  output  parameter  of  prime  coniideration  waa  the  effective,  or  Von  Miaea,  atrain.  The 
effective  attain  ia  uaed  in  atructural  analytic  to  evaluate  the  elutic-plaatic  and  creep  behavior  of 
material*.  The  effective  atrain  ia  a  meaaure  of  the  effect  of  multi-axial  ■  train*  in  term*  of  a  aingle, 
equivalent  uniaxial  tanaile  atrain,  baaed  on  the  diatortion  energy  theory.  The  effective  atrain  waa 
calculated  within  MARC  uaing  Equation  (1),  aa  follow*: 

(1)  s  ^  -  2/3  (e,  a  +  a,  a  +  a, 9  +  1/2  (a^  8  +  e^  a  +  ttj  )) 

where  a,,  By,  and  a,  are  component  atrain*  in  the  X,  Y,  and  Z  direction*, 

and  Bgy,  e^,  and  are  ahaar  atrain*  in  the  XY,  YZ,  and  XZ  plane*. 

The  reiulte  of  the  material  property  atudy  are  given  in  Table  27,  whioh  aummariiaa  the 
effect  of  the  individual  property  change*  on  the  maximum  effective  atrain  and  atrain  range.  The 
material  property  with  the  greateit  effect  on  ttrain  waa  the  coefficient  of  thermal  expansion  (a). 
Detail*  of  the  baseline  analyei*  and  the  individual  property  change*  are  presented  in  the 
paragraph*  following  Table  27. 


Table  27.  Summary  of  Effective  Straint  and  Strain  Rangee  for  Variation!  in  Material 

Properties 


Malarial 

Property 

Max. 

Eft.  Strain 

Chant* 

Raletiua 

To 

Batalina  (%) 

Max. 

Eff.  Strain 

Rama 

Changt 

Rtlativt 

To 

Baulina  (%) 

Baulina 

0.03668 

— 

0.03963 

_ 

(NARloy-Z) 

*35%  E 

0.03634 

*1.0 

0.04039 

*1.7 

-30%  E 

0.03661 

-1.0 

0.03863 

-2.0 

0 

*10%  a 

0.04006 

+11.7 

0.04464 

+12.4 

-10%  a 

0.03164 

-11.8 

0.03493 

-11.6 

*60%  or 

0.03679 

-0,3 

0.03966 

*0.1 

-60%  or 

0.03637 

*6.9 

0.04148 

*4.7 

*10%  k 

0.03463 

-3.8 

0.03847 

-2J 

-16%  k 

0.03819 

*6.4 

0.04164 

*4.8 

Baulina 

m/entp 

0.03610 

*0.6 

0.03993 

*0.8 

5, Ox  a. 

0,03616 

*0.8 

0.04003 

*1.0 

Q.2X  i. 

0.03604 

♦0.4 

0.03983 

*0.6 
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C.3.A  Baseline  Properties 

The  flint  results  studied  wan  for  the  NARloy-Z  baseline  material  properties  Figure  93 
shows  the  looationa  of  peak  valuea  of  (train  and  temperature.  The  peak  temperature  occured  on 
the  combustion  aide  of  the  liner  at  approximately  0.89  inch  upitream  from  the  noxxlc  throat 
plane,  and  the  maximum  effective  strain  range  occured  on  the  coolant  aide  of  the  liner  at 
approximately  1.48  inchei  upstream  from  the  nosxle  throat  plane. 

Figure  94  shows  the  distribution  of  metal  temperatures  at  hill  throttle  through  the  cross- 
section  at  the  highest  temperature  location.  The  metal  temperature  ranged  from  approximately 
400'F  in  the  nickel  closeout  to  over  1300‘F  in  the  copper  liner.  The  temperatures  shown  in 
Figun  94  are  based  on  nodal  values  extrapolated  from  the  integration  point  valuea  by  the  MARC 
post-processor,  The  temperatures  actually  used  for  analysis  comparisons  were  those  assigned 
directly  to  the  element  integration  points,  as  given  in  the  MARC  output  data. 

Stresses  and  strains  were  caused  mainly  by  the  large  thermal  gradients  in  the  chamber  wall 
(Figure  94).  In  addition,  the  coefficient  of  thermal  expansion  for  the  copper  liner  was 
significantly  higher  than  that  for  the  niokel  close-out,  Consequently,  the  hotter  copper  liner  had 
a  tendency  to  expand  radially  outward,  but  wu  restrained  by  the  cooler  niokel  close-out.  The 
radial  restraint  resulted  in  a  high  compressive  hoop  load  in  the  liner  (Figure  96),  which  was  the 
major  LCF  driver  in  the  thrust  chamber  cycle. 

Figures  95  through  98  are  history  plots  of  metal  temperatures,  stresses,  and  strains  for 
critical  locations  The  time  scales  are  expressed  In  increments,  which  correspond  to  the 
temperature  and  pressure  load  increments  discussed  in  Section  C.2.D.  Bach  increment  represents 
a  specific  time  point  in  the  mission  cyole.  Table  28  lists  the  Increment  numbers  and  their 
corresponding  mission  time  points  for  the  baseline  analysis. 

The  effective  strain  range  was  calculated  from  the  cyclic  maximum  and  minimum  valuea  of 
effective  strain.  Since  the  effective  strain  is  always  a  non-negative  value  (Equation  1),  the 
parameters  used  to  calculate  the  effective  strain  were  examined  to  determine  if  the  actual  strains 
ware  tensile  or  compressive.  In  Figure  98,  the  effective  strain  initially  peaked  at  increment  3.  In 
Figure  97,  the  hoop  component  of  strain  was  positive  (tensile)  at  increment  3.  At  increment  24, 
the  effective  strain  (Figure  98)  peaked  again,  but  the  hoop  strain  (Figure  97)  was  negative 
(compressive).  The  other  components  of  strain  exhibited  similar  sign  reversals  at  peak  values  of 
effective  strain  (Figure  97).  Based  on  the  behavior  of  the  component  strains,  the  resultant  value 
of  the  effective  strain  range  was  the  sum  of  the  values  of  effective  strain  at  increments  3  and  24 
(Figure  98),  not  the  cero-to-peak  value  of  increment  24  (the  highest  peak). 

The  maximum  strain  range  location  occurred  inside  the  coolant  passage  in  the  radius  of  the 
domed  wall  (Figure  93).  Both  the  radial  and  the  hoop  strains  were  large  in  this  location,  as  seen 
in  Figure  97.  The  radial  strain  was  the  result  of  the  compressive  hoop  load  forcing  the  dome  to 
bulge  outward  (i.e.,  toward  the  chamber  centerline).  Figure  99  shows  the  deflected  shape  of  a 
cross-section  of  the  model  at  full  throttle  for  the  maximum  strain  location.  The  magnitude  of  the 
deflections  are  exaggerated  for  clarity. 
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Bassline  Analysis:  Maximum  Temperature  vs  Increment  Number 
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Figure  98.  Baulin «  Analysis:  Maximum  Effective  Strain  u»  Increment  Number 


Table  38.  MARC  Increment  No.  ve  Mixtion  Time  for  the  Baseline  Analysis 


MARC 
Iner  No. 

Tims 

(tte)  Comment* 

MARC 
Iner  No. 

Tims 

(tee) 

Comment a 

Initial 

—  Pia-I|nltion 

22 

0.9757 

State 

Cooldown 

23 

1.0220 

Pull  Throttle 

0 

— 

24 

7.9870 

Steady-State 

l 

— 

(Start  Dacel) 

a 

— 

25 

8.0870 

3 

0.0000  Start  Accel 

26 

8.1520 

4 

0.1201 

27 

8.2440 

6 

0.1996 

28 

8.3110 

e 

0.2606 

29 

8.4050 

7 

0.3203 

30 

8.4750 

8 

0.3696 

31 

B.5740 

9 

0.4186 

32 

B.6470 

10 

0.4632 

33 

8.7600 

n 

0.5092 

34 

8.8460 

13 

0.5643 

35 

89340 

13 

0.5978 

36 

9.0380 

14 

0.6392 

37 

B.1330 

IS 

0.6869 

38 

9.2470 

18 

0.7293 

39 

9.3630 

17 

0.7697 

40 

9.4840 

18 

0.8074 

41 

9.6110 

19 

0.8697 

42 

9.7890 

20 

0.8941 

43 

9.8990 

End  Deeel 

21 

0.0425 

44 

12.3100 
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Figure  90.  Baulina  Analytic  Deflected  Shape  Plot 

C.3.B  Young'*  Modulus 

Variation*  in  Young's  Modulus  had  only  a  nominal  effect  on  atrain  range  aa  compared  to 
other  property  changes  (Table  27).  The  effect  of  Young1*  Modulua  m.  determined  by  increaaing 
ita  value  35  percent  and  decreasing  its  value  20  percent  from  the  baseline.  The  changes  in 
Young’s  Modulua  were  made  independently;  the  other  properties  were  left  unchanged.  Figure  100 
ia  a  plot  of  the  values  of  maximum  effective  strain  and  strain  range  as  a  function  of  Young’s 
Modulus.  The  location  of  the  maximum  effective  strain  remained  the  same  through  the  rang*  of 
values  for  Young’s  Modulus,  but  the  location  of  the  maximum  effective  strain  range  shifted 
slightly  upstream  when  Young’s  Modulus  was  decreased  20  percent. 

C.3.C  Coefficient  of  Thermal  Expansion 

Among  the  material  properties  studied,  the  coefficient  of  thermal  expansion  (a)  had  the 
greatest  influence  on  thrust  chamber  strain  range.  The  effect  of  changes  in  a  was  determined  by 
increasing  and  decreasing  ita  value  10  percent  from  the  baseline.  The  changes  were  made 
independently,  with  the  other  properties  left  unchanged. 

Figure  101  is  a  plot  of  the  values  of  maximum  effective  strain  and  strain  range  as  a  function 
of  a.  lire  correlation  was  essentially  linear,  with  small  changes  in  a  producing  significant 
changes  in  strain.  This  indicated  the  strong  influence  of  thermal  effects  on  thrust  chamber 
strains.  As  the  a  of  the  copper  liner  was  decreased,  the  tendency  of  the  copper  to  expand 
decreased  proportion -tely,  reducing  the  thermal  fight  in  the  chamber  wall.  This  in  turn  reduced 
the  compieeeive  hoop  loads.  Similarly,  when  a  was  increased,  the  compressive  hoop  loads 
increased. 
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Figure  101.  Effective  Strain  vs  Coefficient  of  Thermal  Expansion  faj 


The  location  of  the  maximum  effective  strain  remained  the  same  in  the  model  through  the 
range  of  values  for  c,  but  the  location  of  the  maximum  effective  strain  range  shifted  upstream 
when  a  was  decreased  10  percent. 
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C.3.D  Yield  Stress 


Variations  in  yield  stress  had  a  moderate  effect  on  strain  range,  compared  to  other  property 
changes  (Table  27).  The  effect  of  yield  stress  was  determined  by  increasing  and  decreasing  its 
value  50  percent  from  the  baseline.  The  changes  were  made  independently,  with  the  other 
properties  left  unchanged 

Figures  102  and  103  are  plots  of  the  maximum  effective  strain  and  strain  range  as  a 
function  of  yield  stress.  The  strain  on  the  inside  surface  decreased  as  the  yield  stress  of  the 
material  was  decreased  from  the  baseline  (Figure  102).  However,  the  Btrain  on  the  outside  surface 
increased  as  the  yield  stress  was  decreased  (Figure  103),  and  the  outside  surface  became  the 
minimum  strain  location  of  the  model  at  the  lower  value  of  yield  stress.  The  maximum  strain  on 
the  outside  surface  occurred  in  the  fluted  radius  between  the  longitudinal  ripples  (Figure  104). 
For  the  baseline  properties,  the  stresses  on  the  outside  surface  were  near  the  yield  point.  When 
the  yield  stress  was  decreased  50  percent,  the  outside  surface  material  yielded  under  the  hoop 
load,  allowing  higher  compressive  strain  values  and  relieving  the  compressive  strain  on  the  inside 
surface. 

As  the  yield  stress  was  increased  50  percent  from  the  baseline,  the  material  on  the  outside 
surface  behaved  elastically,  resulting  in  higher  stiffness  and  lower  compressive  strain  values 
(Figure  103).  Consequently,  more  compressive  hoop  load  was  forced  into  the  inside  surfaco 
material,  producing  slightly  higher  strain  values.  But  again,  the  higher  yield  stress  resulted  in 
higher  stiffness  and  the  compressive  strain  values  on  the  inside  surface  did  not  increase 
significantly  over  those  of  the  baseline  properties  (Figure  102).  Load  redistributions  within  the 
model  may  be  observed  as  maximum  strain  locations  shifted  axially  from  one  point  to  another  as 
the  yield  stress  was  varied  (Figures  102  and  103). 

The  plot  in  Figure  105  is  a  condensation  of  Figures  102  and  103,  showing  only  the 
maximum  values  of  strain  from  both  the  inside  and  outside  surfaces  of  the  model  through  the 
range  of  yield  stress  values. 

C.3.E  Thermal  Conductivity 

Variations  in  thermal  conductivity  had  a  substantial  effect  on  strain  range.  However,  with 
only  a  small  range  of  thermal  conductivity  values  considered,  the  overall  impact  was  only 
moderate  compared  to  other  property  changes  (Table  27).  The  effect  of  thermal  conductivity  was 
determined  by  increasing  its  value  10  percent  and  decreasing  its  value  15  percent  from  the 
baseline.  The  changes  were  made  independently,  with  the  other  properties  left  unchanged. 

Changes  in  thermal  conductivity  wore  simulated  by  reassigning  new  temperature  values  to 
the  MABC  model.  The  new  temperature  values  were  calculated  with  in-house  heat  transfer  decks 
(Section  C.2.D)  using  the  adjusted  values  of  thermal  conductivity  in  the  heat  transfer  analyses. 

Figure  106  is  a  plot  of  the  maximum  effective  strain  and  strain  range  as  a  function  of 
thermal  conductivity.  The  effect  of  a  lower  thermal  conductivity  was  slower  heat  transfer  and  a 
higher  temperature  on  the  outside  surface  of  the  copper  liner.  The  higher  temperature  increased 
the  tendency  of  the  copper  liner  to  expand,  increasing  the  compreBBive  hoop  strains  in  the  liner. 
Conversely,  the  effect  of  a  higher  thermal  conductivity  was  a  lower  temperature  and  lower 
compressive  hoop  strains  in  the  liner. 
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Figure  104 .  Effective  Strain  vs  Yield  Stress  fay),  Locations  of  Maximum  Strain 

C.3.P  Crwp  8traln 

Variations  in  creep  strain  rata  had  only  a  vary  slight  effect  on  strain  range.  The  effects  of 
creep  were  determined  by  exercising  the  creep  option  in  MARC,  with  a  ten-minute  hold  at  full- 
throttle  steady-state  conditions.  A  creep  analysis  was  first  done  for  the  baseline  material, 
assuming  NARloy-Z  creep  characteristics.  Additional  analyses  were  done  for  changes  in  the 
creep  rate,  assuming  rates  which  were  both  one-fifth  and  five  times  that  of  the  baseline  material. 
Figure  107  is  a  plot  of  the  maximum  effective  strain  and  strain  range  as  a  function  of  the  creep 
strain  rate. 

C.3.M  Baseline  Creep  Strain  vs  Baseline  Without  Creep 

The  creep  analysis  indicated  that  creep  strain  had  an  insignificant  impact  on  the  overall 
effective  strain,  at  least  under  the  conditions  assumed  for  this  study.  Ten  minutes  of  creep 
resulted  in  only  a  0.8  percent  increase  in  the  effective  strain  range  (Table  27).  The  creep  strain 
was  expected  to  be  larger  than  it  was,  considering  the  high  metal  temperatures  on  the  surface  of 
the  copper  liner.  Creep  usually  becomes  more  significant  with  higher  temperatures.  However,  in 
the  case  of  the  copper  liner,  the  higher  temperatures  also  resulted  in  very  low  yield  stresses,  and 
therefore  lower  plastic  stresses  in  the  chamber  wall  which  were  approximately  equal  to  the  yield 
stress.  Stresses  significantly  higher  than  the  yield  point  would  require  unrealistically  high 
amounts  of  strain,  which  would  not  occur  in  a  deflection-controlled  situation  such  as  the  OTV 
thrust  chamber.  Therefore,  even  though  the  temperatures  were  high,  the  lower  yield  stress  in  the 
chamber  wall  resulted  in  smaller  creep  strains  since  creep  is  a  stress-driven  phenomenon. 
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Figure  105.  Effective  Strain  vs  Yield  Stress  (a^,  Maximum  Values  Only 
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Figure  107.  Total  Effective  Strain  vt  Creep  Rate  (t,J 

The  chamber  geometry  used  for  thie  study  wae  not  optimized  for  heat  tranifer  characteris¬ 
tic*,  although  the  design  was  felt  to  be  adequate  for  the  comp&ritive  purposes  of  this  material 
study.  Consequently,  metal  temperatures  were  higher  than  would  normally  be  allowed  for  a  high- 
life  design.  A  more  optimized  chamber  design  would  have  lower  metal  temperatures,  and  thus  a 
higher  yield  streu.  A  higher  yield  stress  would  allow  more  stress  for  a  given  strain,  and  would 
produce  more  creep  strain. 

To  test  the  effect  of  yield  streu  on  creep  strain,  an  additional  MARC  analysis  was  done 
using  bauline  creep  characteristics  with  a  50  percent  higher  yield  stress  (instead  of  lowering  the 
temperatures,  the  yield  streu  wu  increased  to  uve  the  time  and  cost  of  a  new  thermal  analysis). 
The  results  of  this  MARC  analysis  confirmed  that  a  higher  yield  stress  would  produce  more  creep 
strain.  For  the  bauline  yield  stress  and  crup  properties,  the  maximum  creep  strain  was  0.001537 
in./in,  But  with  a  50  percent  higher  yield  stress,  the  creep  strain  increased  to  0.003618  in./in.,  or 
2.4  times  that  of  the  bauline  yield  stress.  The  overall  effective  strain  increased  2.7  percent  with 
crup  and  the  increased  yield  stress,  as  indicated  below  in  Table  29.  Pertinent  values  from 
Table  27  are  repeated  in  Table  29  for  comparison. 
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Table  29,  Effect  of  Yield  Stress  on  Creep  Strain 


Material 

Property 

Max, 

Eff,  Strain 

Change 

Relative 

To 

Bateiini  (%) 

Max, 

Eff,  Strain 
Range 

Change 

Relative 

To 

Baeeline  (%) 

BeieU&e, 

No  Creep 

0.03688 

— * 

0.03962 

— 

+80%  oy, 

No  Creep 

0.03679 

-0.3 

0.03966 

+0.1 

Bueltne 
w/  Creep 

0.03610 

+0.6 

0.03893 

+0.8 

Creep 

w/  +80%  Oy 

0.03886 

+2,7 

0.04111 

+3.8 

The  higher  creep  strain  with  higher  yield  stress  indicates  that,  with  an  optimized  chamber 
design,  lower  metal  temperatures,  and  higher  yield  stress,  creep  strain  may  become  a  more 
important  factor  in  the  overall  effective  strain. 

C.3.F.2  effective  Strain  vs  Variations  In  Creep  Strain  Rate 

As  creep  strain  had  little  impact  on  the  overall  effective  strain,  variations  in  the  creep 
strain  rate  had  little  impact  on  strain  as  well.  The  effect  of  variations  in  creep  strain  rate  was 
determined  by  increasing  the  rate  five  times  and  decreasing  the  rate  to  one-fifth  of  the  baseline 
creep  rate.  The  changes  in  creep  rate  were  made  independently,  with  the  other  properties  left 
unchanged.  Figure  107  is  a  plot  of  the  values  of  maximum  effective  strain  and  strain  range  as  a 
function  oi  the  creep  strain  rate.  Also  shown  is  the  baseline  strain  without  creep  for  comparison, 
marked  as  points  “x"  in  Figure  107.  Again,  with  an  optimized  chambor  design  with  lower  metal 
temperatures  and  a  higher  y>eld  stress,  creep  strain  may  become  a  more  important  factor. 

C.3.G  Estimated  LCF  Uvaa 

LCF  life  estimates  for  the  material  property  variations  studied  in  this  analysis  are 
presented  in  Table  30.  The  effective  strain  range  values  summarized  in  Table  27  were  used  to 
determine  the  LCF  lives  from  Figure  108.  Figure  108  is  a  plot  of  strain  range  vs.  cycles  for 
NARloy-Z  and  NASA-Z,  based  on  the  various  sources  of  data  described  in  Ref.  37  (NASA-Z  is 
the  same  composition  as  NARloy-Z,  but  procured  by  NASA  from  an  outside  vendor).  The  life 
estimates  given  in  Table  30  are  based  on  material  specimen  tests  by  J.  B.  Conway  et  al  at  Mar- 
Teat,  Inc.,  indicated  in  Figure  108  and  discussed  in  more  detail  in  Ref.  37.  These  lives  should  be 
used  only  for  comparison  with  one  another,  since  the  amount  of  LCF  data  for  NARloy-Z  is  very 
limited  and  sometimes  inconclusive. 


The  property  with  the  greatest  effect  on  LCF  life  was  the  coefficient  of  thermal  expansion 
(a),  for  the  reasons  explained  in  Section  C.3.C.  The  property  with  the  least  effect  on  LCF  life  was 
creep  strain  rate  (except  when  the  yield  stress  was  increased  50  percent,  as  discussed  in  Section 
C.3.F.1). 
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Tabtt  80.  Estimated  LCF  Lives  Based  on  Effective  Strain  Range  of  Material  Property 

Variations 


Material 

Property 

Max, 

Eff.  Strain 
Range  (from 
Table  Ill-l) 

Max. 

Temp, 

CF) 

Cyclic 

Life 

(from 

Fit  111- 16) 

Change 

Relative 

To 

Baseline  (%) 

Busline 

0.03982 

1059 

87 

— 

(NARloy-Z) 

+36%  E 

0.04029 

1069 

84 

-3.4 

-20%  E 

0.03833 

1061 

91 

+4.6 

+10%  a 

0.04464 

1069 

68 

-21.8 

-10%  a 

0.03493 

1044 

114 

+  31.0 

+60%  Oy 

0.03965 

1019 

87 

0.0 

-00%  Oy 

0.0414S 

1163 

79 

-9.2 

+10%  k 

0.03847 

1036 

92 

+6.7 

-16%  k 

0.04184 

1100 

78 

-10.3 

Busline 

w/  Creep 

0.03993 

1059 

86 

-2.3 

6, OX  *, 

0.04003 

1059 

86 

-2.3 

0.2X  i. 

0.03983 

1059 

86 

-1.1 

Baulin*  Creep 

0.04111* 

1019 

60 

-8.0 

w/+60%  Oy 

♦From  Table  III-3. 

The  LCF  data  in  Figure  108  was  for  NARloy-Z  and  NASA-Z  at  1000*F.  The  locations  of 
maximum  effective  strain  range  in  the  MARC  analysis  occurred  inside  the  coolant  passage  where 
the  temperatures  were  near  1000'F,  as  listed  in  Table  30  (with  the  exceptions  of  the  -60  percent 
cy  run,  in  which  the  maximum  effective  strain  range  occurred  on  the  combustion  side  of  the  liner, 
and  the  -16  percent  k  run,  which  produced  higher  temperatures  due  to  slower  heat  conduction). 
Although  the  maximum  overall  temperature  in  the  MARC  analysis  was  over  1300*F  (Figure  93), 
this  temperature  occurred  on  the  combustion  side  surface  of  the  liner  away  from  the  maximum 
strain  range  location.  Test  data  indicated  that  temperature  had  little  effect  on  LCF  life  at  higher 
strain  ranges.  But  at  lower  strain  ranges,  temperature  became  more  significant,  with  lower 
temperatures  resulting  in  higher  lives. 

Conway’s  data  was  based  on  cycles  to  failure.  Test  data  from  D.  Fulton  (Figure  108)  was 
based  on  cycles  to  initiation  of  failure,  but  gave  higher  life  predictions  than  Conway’s  data. 
However,  Fulton’s  data  was  for  a  faster  cyclic  strain  rate  (0.1/sec),  whereas  Conway’s  data  used 
in  Table  30  was  for  a  slower  cyclic  strain  rate  (0.002/Bec).  Other  test  data  from  Conway  also 
indicated  that  faster  cyclic  strain  rates  resulted  in  higher  LCF  lives  (Figure  108).  While  the  life 
estimates  quoted  in  Table  30  are  based  on  a  cyclic  strain  rate  of  0.002/sec,  the  actual  thrust 
chamber  strain  rate  during  OTV  operation  may  be  faster.  In  the  baseline  analysis,  the  effective 
strain  approached  0.03659  in  approximately  one  second,  which  is  a  significantly  faster  rate  than 
0.002/sec.  (approximately  six  seconds  more  were  required  for  the  strain  to  reach  0.03688  as  the 
temperatures  approached  steady  state). 
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Used  for  LCF  Life  Estimate  (Table  30): 

O  NARloy-Z,  Continuous  Cycle,  ,002/sec; 

(J.  8.  Conway,  Mar-Test,  Inc.,  see  Ref.  1) 

Additional  Data: 

A  NARloy-Z,  Continuous  Cycle,  .05/sec; 

A  NARloy-Z,  Continuous  Cycle,  .01/sec; 

V  NARloy-Z,  Continuous  Cycle,  .0004/sec; 

□  NARloy-Z,  Tensile  Hold,  300  sec.; 

|  NARloy-Z,  Compressive  Hold,  300  sec.; 

#  NASA-Z,  Continuous  Cycle,  ,002/sec; 

(J,  Kazaroff,  NASA  Lewis  Research  Center,  see  Ref.  1)  . 

— —  NARloy-Z,  Continuous  Cycle,  .10/sec; 

(D  Fulton,  Rockwell  International  Corp.,  see  Ref.  Id. 


(J.  B.  Conway,  Mar-Test,  Inc ., 
see  Ref.  1). 


Cycles  to  Failure 


-e 


* 


Figure  108.  Low  Cycle  Fatigue  Behavior  of  NARloy-Z  and  NASA-Z  at  lOOO^F 

Lives  quoted  for  the  creep  analyses  in  Table  30  were  based  only  on  changes  in  the  effective 
strain  range  resulting  from  creep  rate  variations,  and  did  not  include  the  effects  of  dwell  time. 
However,  test  data  indicated  that  cycles  with  compressive  hold  periods  resulted  in  higher  lives 
than  those  with  no  hold  periods  or  those  with  tensile  hold  periods  (Figure  108).  The  OTV  thrust 
chamber  strains  that  drove  LCF  life  were  mainly  compressive  (Section  C.3.A). 

Since  the  relationship  between  strain  range  and  cycles  in  Figure  108  is  logarithmic,  the 
higher  values  of  strain  range  produced  smaller  differences  in  LCF  life  for  varying  test  conditions. 


178 


% 


The  strain  ranges  determined  in  this  analysis  (and  used  for  the  life  estimates  in  Table  30)  were 
relatively  high,  and  the  effects  of  material  property  changes  were  not  as  pronounced  on  LCF  life 
as  they  would  have  been  with  lower  strain  ranges.  A  more  optimized  chamber  design  with  lower 
temperatures  and  lower  strain  ranges  may  show  greater  differences  in  LCF  life. 

C.3.H  Unar  Wall  Deformation 


The  cycling  of  plastic  strains  in  the  liner  wall  resulted  in  a  physical  thinning  of  material  in 
the  arch  of  the  coolant  passage  at  cycle  shutdown.  Figure  109  illustrates  the  thinning  mechanism 
on  the  NARloy-Z  baseline  material.  A  cross-section  of  the  liner  wall  near  the  location  of  the 
maximum  effective  strain  range  was  examined.  Figure  109a  shows  the  original  shape  of  the 
coolant  passage  before  the  material  was  cycled. 


(A) 

Original 

Shape 


(B) 

Plastic  Deformation 
at  Full  Throttle* 


(C) 

Plastic  Deformation 
at  Shutdown* 


*  Deflections  Exaggerated  lOOx 


Figure  109.  Plastic  Deformation  of  Liner  Wall 


At  full  throttle,  compressive  thermal  loads  in  the  hoop  direction  caused  the  arch  of  the  liner 
wall  to  expand  radially  (Figure  109b).  Since  only  the  plastic  strains  act  to  permanently  deform 
the  liner  wall,  the  deflections  shown  in  Figure  109b  include  only  the  effect  of  plastic  strains.  The 
elastic  and  thermal  strains  have  been  subtracted  out.  The  deflections  are  exaggerated  for  clarity. 

Figure  109c  shows  the  deformed  shape  at  cycle  shutdown.  Again,  the  deflections  shown 
were  due  to  plastic  strains  only,  since  the  temperature  was  a  uniform  70‘F  and  no  external  loads 
were  applied.  The  material  in  the  arch  of  the  liner,  which  had  yielded  at  full-throttle,  was  drawn 
thinner  at  shutdown  as  the  surrounding  material  contracted. 

The  effects  of  thinning  in  the  chamber  liner  have  been  observed  in  previous  industry 
experience.  Test  chamber  results  and  analytical  predictions  of  thinning  were  correlated  in  a 
study  done  by  Lockheed,  Inc.  (Ref.  43)  for  different  chamber  liner  materials  in  a  flat-wall 
configuration. 
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SECTION  C.4 
CONCLUSIONS 


Within  the  ranges  expected,  variation*  in  candidate  material  properties  will  not  have  a 
significant  impact  on  thrust  chamber  liner  strain  range. 

The  coefficient  of  thermal  expansion  had  the  most  significant  effect,  with  lower  values 
giving  lower  strain  ranges  and  higher  life.  However,  lowering  the  coefficient  in  reality  requires 
more  alloying  with  the  copper,  which  reduces  the  thermal  conductivity.  And  in  turn,  reducing  the 
thermal  conductivity  results  in  higher  strain  ranges  and  lower  life,  off-setting  the  benefits  of  the 
lower  coefficient  of  thermal  expansion.  Increasing  the  thermal  conductivity  would  lower  the 
strain  range,  but  requires  less  alloying,  which  compromises  the  strengthening  effects  of  alloying. 
The  remaining  properties  did  not  have  a  significant  effect  on  strain  range. 

The  chamber  geometry  used  for  this  study  was  not  optimized  for  heat  transfer  characteris¬ 
tics,  although  the  design  was  felt  to  be  adequate  for  the  comparitive  purposes  of  this  material 
study.  A  more  optimized  design  may  result  in  lower  temperatures,  which  would  reduce  the 
thermal  fight  between  the  copper  liner  and  the  nickel  closeout,  and  would  reduce  the  strain 
range.  The  creep  strain  rate  may  be  a  more  significant  factor  for  an  optimized  chamber  geometry, 
as  lower  temperatures  result  in  higher  yield  strength  and  more  creep  strain. 

Significant  chamber  life  improvements  should  be  sought  through  the  following: 

•  An  optimized  chamber  configuration  for  improved  heat  transfer  capabilities 
and  enhanced  structural  characteristics, 

•  Candidate  materials  with  improved  fatigue  life  capability,  including 
creep/LCF  interaction, 

•  Better  fatigue  life  definition  of  candidate  materials  (i.e.,  strain  range  vs.  cycles 
to  failure  under  more  applicable  strain  rates  and  loading  conditions), 
including  creep/LCF  interaction. 
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